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PREFACE 
Investigators in the field of rheumatic diseases can 
roughly be divided in tuo groups: those mho have the 
intention to elucidate the etiology and pathogenesis of a 
given disease Cs.g. rheumatoid arthritis, spondylitis 
ankylopoetica) and those who are mainly looking for the 
general mechanisms that underly chronic arthritis and Joint 
destruction, using experimental models of inflammation. The 
ujork presented in this thesis belongs to the the latter type 
of research. 
ble have tried to avoid a mere reductionistic approach to 
inflammation. In our vieui, inflammation and tissue damage is 
not explained by the action of purified cells and mediators 
on isolated tissue components in vitro. Ultimate proof for 
the importance of a given cell or mediator has to come from 
in vivo experiments. The evaluation of effects in vivo relies 
heavily on morphological analysis of the affected tissue in 
the inflammatory focus. Ule think, therefore, that 
histological examination of the tissue involved is necessary 
to draui valid conclusions. Hence, ω e have tried, uihen 
passible, to combine biochemical techniques with 
morphological analyses. 
Although ше have studied some general features of 
inflammation Ce.g. oxygen radicals and lysosomal enzymes) the 
main purpose of our investigation has been to elucidate the 
interaction of inflammatory mediators with articular and 
periarticular tissues. Chapter 1 gives a survey of some 
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inflammatory lesions in tuuo types of experimental arthritis, 
ujith emphasis on the morphology of periarticular bone. ble 
shouj that the antigen induced arthritis is a useful model far 
investigating bone apposition. The effect of inflammatory 
oxygen metabolites Csuperoxide, hydrogen peroxide) on 
cartilage mas studied in vitro, quantitatively and 
histologically (chapter 2). The contribution of oxygen 
metabolites in tissue damage during experimental arthritis 
urns studied uiith intraarticular administration of protective 
enzymes (chapter 3D. Having demonstrated the importance of 
hydrogen peroxide in inflammation Cchapters S and 3) uie 
devised an arthritis model uihich is dependent on hydrogen 
peroxide generation in the joint. It was shown that this 
model is suitable for testing antiinflammatory drugs that act 
as hydrogen peroxide scavengers Сchapter 4). The contribution 
of lysosomal enzymes on cartilage degradation was studied 
uiith activated human polymorphonuclear leukocytes CPtlN). Ыв 
found that leukocyte elastase has a very potent proteolytic 
potential towards cartilage proteoglycans Cchapter 5). In 
chapter В we present evidence for our hypothesis that 
cartilage is degradation-prone with respect ta cationic 
neutral proteases. 
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INTRODUCII DN 
INFLAMMATION 
Basically, inflammation sensu lato can be regarded as 
the attempt of an organism to restore the homeostasis and 
integrity of a given tissue in response to a microbial, 
chemical or physical stimulus. This means that not only the 
attack and removal of the stimulus Ce.g. microorganisms, 
immune complexes) make up inflammation but also the repair 
mechanisms, set in motion during and after the destructive 
phase of inflammation. In some chronic diseases Ce.g. 
rheumatoid arthritis) the pathology associated ujith 
inflammation has an excessively proliferative component apart 
from the destructive processes. 
Inflammation involves the whole body. Cells are 
recruited from the bloodstream, the bone таггош and the 
lymphoid organs and move to the site of inflammation. On he 
other hand, inflammatory mediators, locally produced, enter 
the bloodstream and produce systemic effects. For these 
reasons, inflammation can not be studied exclusively in vitro 
since inflammation by definition means dynamic cellular 
interaction. 
Much is knouin about the initiation of an inflammatory 
response- the sequence of events directly after a stimulus 
such as microbial, physical or chemical injury. During the 
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last tuo decades much research has been focused on the 
chronic phases of inflammation and the tissue damage 
resulting from a perpetuating inflammatory response Csea ref. 
1-5 for revieus on inflammation?. For reasons not known, the 
Joint seems to be a predilection site for developing chronic 
inflammation. Pharmacological modulation of chronic 
destructive processes has not been succesful yet (perhaps 
with the exception of cytostatic drugs) . The known 
antiinflammatory drugs can induce suppression of the symptoms 
of an active inflammatory process, but there is little effect 
on the proliferative and destructive processes. In order to 
develop new drugs that are truly disease-modifying or 
anti-erosive it is necessary to obtain more knowledge on the 
specific mechanisms of proliferative and erosive lesions as 
seen in rheumatoid arthritis. Ideally, drugs that interfere 
with the cause of the disease are the most desirable. 
However, since the cause of rheumatoid arthritis is still not 
known, it is a rational approach to suppress the effector 
mechanisms that cause tissue damage. Several factors are 
thought to contribute to connective tissue damage e.g. 
lysosomal enzymes, toxic oxygen metabolites, prostaglandins, 
catabolin, nutrient-depletion, biomechanical factors etc. 
Lysosomal enzymes and toxic oxygen metabolites, shed by ΡΠΝ 
and macrophages, have both been strongly implied in tissue 
damage during chronic arthritldes. The possible role of these 
metabolites in inflammation is reviewed below. 
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OXYGEN nETftBOLITES 
During the late fifties the importance of free radicals 
in normal and pathological processes of organisms uias 
demonstrated. The hypothesis of the involvement of superoxide 
COgO in enzymatic processes uas put foriuard by Fndovich and 
Handler in 195Β-196Ξ.Б"в However, as early as 1934 the 
possible involvement of Qg· in chemical reactions шаз pointed 
out by Haber and Weis in a study of the decomposition of 
hydrogen peroxide and the oxidation of metal ions by oxygen 
in aqueous solutions Csee ref 9 for a review on superoxide). 
In 1ЭБ9 McCord and Fndovich discovered the enzymatic 
activity of the long-recognized protein erythrocuprein.10 
This protein, uihich formerly uas thought to be a copper 
transport protein, possessed the unusual, hitherto unknown 
property of eliminating Cdismutating) the superoxide anion 
Gg·. This enzyme uas called superoxide dismutase CSQD) and has 
become one of the most extensively studied enzymes betuieen 
19Б9 and 19B0. SOD шаз found in all aerobic organisms in a 
highly conserved form, * indicating that in the evolution of 
life, it must have been a vital enzyme. The presence of 
superoxide in organisms, as a waste product from enzymatic 
reactions uias knoum long before SOD uas discovered. Houiever, 
it шаз only in 1973 that the ability of phagocytosing 
neutrophils to generate superoxide, uas discovered by Babior 
and coworkers.12 It шаз shown that the bactericidal capacity 
of PflN's uas dependent on the production of superoxide since 
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human neutrophils not capable af exhibiting an oxidative 
burst Cthe consumption of molecular oxygen and the production 
of superoxide) show a deficient microbial killing 
apparatus. ^ Superoxide itself ujas shoum not to be very 
bactericidal. Superoxide produced by stimulated PriN's is 
readily dismutated in physiological conditions, spontaneously 
or enzymatically by SDD. This results in the formation of 
hydrogen peroxide 1 T
>
1 5 J Hydrogen peroxide is much more 
bactericidal than superoxide, being a more potent oxidant. In 
addition, the ΡΠΝ possesses the enzyme myeloperoxidase uihich 
catalyzes the formation of hypochlonc acid from hydrogen 
peroxide and chloride. This compound was shown to be the 
major intracellular bactericidal agent. •LJ Apart from 
superoxide, hydrogen peroxide and hypochlorite, several other 
oxygen species have been postulated including singlet oxygen 
and the hydroxy 1 radical. ° However, none of these compounds 
has been convincingly demonstrated in vivo, and there are no 
enzymes known that produce or degrade them. The production of 
superoxide or hydrogen peroxide occurs in all cells, mostly 
as a by-product of oxidative processes. Therefor the cell is 
equipped with a protective apparatus to dispose of these 
potentially harmful Coxidizing) species. Intracellularly, 
enzymes are present that eliminate superoxide and hydrogen 
peroxide such as SOD, catalase and glutathion peroxidase. 
However, the levels of protective enzymes in the 
extracellular space are low. There is hardly any SDD or 
catalase activity present m plasma or synovial fluid 1 7, 
which means that extracellular matrix components and cell 
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membranes are at risk uihen high concentrations of these 
oxygen metabolites accumulate. Sines the discovery that 
activated ΡΠΝ Cand also macrophages) produce large amounts of 
superoxide and hydrogen peroxide, piles of papers have 
mushroomed on this subject. It urns shouin that the viscosity 
of synovial fluid decreased after exposure to superoxide, due 
1 R 1 Я 
to depolimenzation of hyaluronic acid J-Q,". Hydrogen 
peroxide is a more potent oxidant than superoxide and is 
therefor more reactive touards a variety of compounds. 
Recently it utas shouin that hydrogen peroxide generated by 
activated neutrophils causes a significant autooxidation. 0 
In vitro the myeloperoxidase system can cause aggregation of 
gammaglobulins. * Although the effects of oxygen metabolites 
on degradation of extracellular components can be 
demonstrated, as mentioned above, the effect on the living 
cell is probably far more important. Папу reports exist on 
the cytotoxic effect of hydrogen peroxide on various cell 
types in vitro such as red blood cells г г, endothelial cells 
2 3
, fibroblasts ^1* and chondrocytes.25 Often, it is shoum 
that hydrogen peroxide rather than superoxide is the toxic 
agent in these systems. Using animal models of inflammation, 
the contribution of oxygen metabolites in vivo can be 
assessed. Even before the enzymatic activity of superoxide 
dismutase utas discovered CI969Э the antiinflammatory 
properties of this protein Cat that time known as 
erythrocuprein) іиегв knoutn.25 In several models of 
inflammation, SOD utas tested and in several models an 
antiinflammatory effect utas noted. ° SOD utas also tested in 
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humans and it uias claimed to reduce the clinical symptoms in 
rheumatoid arthritis. ' Ноше ег, considerable doubt is castad 
on these observations since SOD mas ineffective in several 
other controlled experimental studies.гв>гэ•30 On the other 
hand, hydrogen peroxide is receiving more attention as a 
mediator of inflammation. Several experimental studies have 
unequivocally demonstrated that application of catalase can 
suppress some features of inflammation in pulmonary 
alveolitis 3 1, dermal vasculitis э г, glomerulonephritis э э 
ЯП 
and arthritis J U. Whether these lesions result from a direct 
effect of hydrogen peroxide or from hydroxy1 radical 
formation has not yet been settled. 
Several possible therapeutic approaches have been 
suggested for elimination of toxic oxygen metabolites. 
Superoxide dismutase Сcommercially sold as Orgotein) has been 
applied intramuscularly. It is hard to envisage horn the 
enzyme would reach the inflammatory focus and exert its 
effect, since SOD is readily accumulated in the kidney and 
excreted. Ule have shown in an experimental model Cthis 
thesis) that protective enzymes can be used succesfully when 
injected locally, and modified to obtain a long-term 
retention. It is evident that this approach will never be 
succesful for a polyarthritis, since only a few Joints can 
easily be injected. Another approach, which is more 
promising, mould be the systemic use of IOLI molecular weight 
compounds that scavenge oxygen metabolites or bind ionic iron 
to prevent hydroxyl radical formation. " Recently a synthetic 
glutathion peroxidase CEbselen) has been developed. · 3 B In 
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this thesis me shoui that Ebselen is also in vivo capable of 
eliminating hydrogen peroxide. The development of these types 
of drugs seems a rational approach to materialize a decade of 
basic research on the rcle of oxygen radicals and hydrogen 
peroxide in inflammatory processes. 
LYSOSOnnL ENZYMES 
Lysosomes are the storage organelles of the cell for 
a variety of enzymes ^' required for the intracellular 
breakdouin of unuuanted or obsolete compounds. Папу of these 
enzymes are potentially harmful to the living cell and 
therefor they are tightly secured in the lysosome and subject 
to control mechanisms. ° ΡΠΝ and macrophages use their 
lysosomes for the killing and digestion of microorganisms and 
other ingested substances. In addition to the intracellular 
use of these enzymes, the contents of the lysosomal granula 
can be released in the extracellular space inhere they present 
a serious threat to various tissue-macromolecules. ° · ^ This 
is particularly true for enzymes that have their optimal 
activity in the neutral or near neutral range such as 
elastase, cathepsm G and collagenase. These enzymes have 
been strongly implied in degradation of connective tissue in 
the erosive synovitides 1*1і'іг
>
 gout " and degenerative Joint 
disease. " The precise function of the neutral proteases of 
the PUN is not knouin. Intracellular functioning is unlikely 
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since digestion of phagocytosed matter is carried out by the 
acid hydrolases. Extracellularly, the neutral proteases could 
have a Function in digestion at physiologic pH or penetration 
of PMN's and macrophages in tissues and through blood 
vessels. ΡΠΝ and macrophages, recruted to the Joint, release 
neutral proteases uihsn phagocytoslng bacteria Cseptic 
arthritis), crystals Cgout), immune aggregates CSLE, 
rheumatoid arthritis 'J, or when they are stimulated by 
hitherto ипкпошп mechanisms Crheumatoid arthritis) . It has 
been demonstrated in vitro that elastase and cathepsm G can 
degrade cartilage proteoglycans. 5 - 4 Э Observations of the 
potency of protease inhibitors in rheumatoid synovial 
effusions =0,51
 c a s
t some doubt on the relevance in vivo of 
these effector mechanisms to erosive synovitis. It has, 
however, been demonstrated that elastase, secreted by 
activated neutrophils or macrophages can escape inactivation 
by alphaj-proteinase inhibitor even in large excess of 
inhibitor " . In this thesis ше show that neutrophil elastase 
preferentially localizes near the chondrocyte lacunae. Since 
^-proteinase inhibitor and Qi'g-macroglobulin cannot enter 
cartilage ^ , elastase can effectively degrade cartilage 
proteoglycan. Recently, depositions of elastase have been 
demonstrated in articular cartilage from rheumatoid arthritis 
patients. 5 Э Although this is no proof for a causal 
relationship between elastase presence and cartilage 
degradation, it is suggestive, to say the least. 
fluch of the work on cartilage breakdown stems from 
the early seventies when lysosomal elastase, cathepsln G and 
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collagenasB шеге identified. Recently, a revival of interest 
for neutral proteases has been noted, particularly for 
elastase. A possible role m tissue damage uias established in 
experimental arthritis ^ and in human lung emphysema 5 5 _ 5 7 . 
From a therapeutical point of νίβω the development of 
specific inhibitors of these potentially harmful enzymes can 
be useful. Recently, using recombinant DNA techniques, an 
oxidation-resistant variant of alpha1-proteinasB inhibitor 
has been developed " . fis mentioned above in the section on 
oxygen metabolites, it mould be desirable to have loui 
molecular uieight enzyme inhibitors for systemic use, since 
intraarticular injection of a protease-inhibitor is not 
realistic in most cases. As outlined in chapter 5 and 6, 
elastase seems a likely candidate for causing cartilage 
destruction in vivo. Ш think, therefore, that future 
research in this field should be aimed at the development of 
specific elastase inhibitors for oral use. 
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Summary. The effects of joint inflammation on bone marrow and periarticular bone were 
studied in mice using antigen-induced arthritis and zymosan-induced arthritis as models for an 
immune and a non-immune-mediated chronic inflammation. To allow for a comparison of the 
two types of arthritis care was taken to induce comparable degrees of inflammation as 
evaluated with """Technetium uptake and histology. The antigen-induced arthritis caused a 
significant suppression of the mitotic activity in the bone marrow close to the inflammatory 
focus during the first days of arthritis. The zymosan-induced arthritis did not produce 
alterations of the bone marrow activity. Both types of arthritis were able to induce long-lasting 
and irreversible damage to cartilaginous and bony structures. Apposition of bone was observed 
in both types of arthritis although much earlier in the antigen-induced arthritis. The 
apposition of bone was found to emerge largely from the periosteum and not from the 
epiphyseal plates, as shown by 125I-deoxyuridine autoradigraphy. Qualitative and quantita­
tive differences suggest that joint inflammation which is Immunologically mediated, results in 
more severe (peri)articular tissue damage than a non-immunological arthritis. 
Keywords: arthritis, bone marrow, bone apposition 
Chronic arthritis in humans is known to 
cause destruction and alteration of articular 
and periarticular structures, e.g. erosion of 
cartilage and subchondral bone, synovial 
hyperplasia and deterioration of tendons and 
ligaments (Sokoloff 1979). Several studies, 
using experimental arthritis, have focused 
attention on synovitis and cartilage destruc­
tion (Dumonde & Glynn 1962; Consden et α/. 
1971; Goldlust et al. 1978; Van den Berg et 
al. 1981). Relatively few data are available 
on other (peri)articular structures (Kruijsen 
et al. 1983). As far as cartilage and periarti­
cular bone are concerned, differences in 
destructive potential exist between rheuma­
toid arthritis and seronegative chronic arth-
ritides without evidence for (auto-)immune 
mechanisms (Resnick & Niwayama 1977, 
1981). 
The present study was designed to investi­
gate the effects of experimentally induced 
chronic immune and non-immune arthritis 
on (peri)artlcular tissues. We used antigen-
induced arthritis (AIA) and zymosan-
induced arthritis (ZIA) in mice as models for 
immune and non-immune arthritis respect­
ively. The antigen-induced arthritis in mice, 
using methylated BSA as antigen, is a T-lym-
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phocyte-dependent inflammation (Brackertz 
et al 1977) with a chronic course which can 
extend to several months Chromcity of this 
inflammation is caused by persistence of the 
antigen due to charge-dependent interac-
tions (Van den Berg et al 1982) Zymosan-
induced arthritis m mice (Keystone et al 
1977) is a non-immunological inflamma-
tion, at least for the first 2 weeks, which has a 
chronic course because of the persisting 
irritant Both types of arthritis are known to 
cause alteration and destruction of articular 
structures In order to compare the effects of 
an immune and a non-immune arthritis, it is 
necessary to control the seventy of the 
inflammation since changes of (peri)drticu-
lar structures are possibly related to the 
degree of inflammation in the joint The 
99mTc-uptdke mcdsuremcnt provides a reli-
able method for quantification of arthritis 
(Kruijsen et al 1981) 
Using histology, autoradiography and 
metabolic studies we describe alterations m 
bone marrow and periarticular bone in these 
two types of arthritis 
Materials and methods 
Animais Male Ç5 7BI mice aged 6-8 weeks at 
the start of the experiment were used They 
were fed a standard diet and tap water ad 
libitum 
Immunization and induction of arthritis Mice 
were immunized with ioo/ig methylated 
bovine serum albumin (mBSA from Sigma 
Chemical Co, St Louis Mo) in ο 1 ml 
Freund's complete adjuvant emulsion as 
previously described (Van den Berg et al 
1981) 0 n d a y 2 i after the primary immuni­
zation a mono-arthritis was induced by the 
mtra-articular injection into the right knee of 
variable doses of antigen in 6 μΐ of sterile 
saline 
The non-immune arthritis was induced by 
the mtra-articular injection of sterilized 
zymosan (Koch-I ight I ab Coinbrook, Bucks, 
England) in 6 μΐ of saline into the right knee, 
as previously described (Van den Berg et я/ 
1981) We never observed infection of the 
injected knee joints in either model 
bor both types of arthritis, groups of mice 
were injected with varying doses of inflam­
matory stimulus Two doses of zymosan 
(180 and 60 μg) and three doses of mBSA 
(100,10 and 1 /jg) were used On day 1,7 14 
and 28 after induction, arthritis was quanti­
fied with "Tc-uptake and five mice per 
group were killed for histology 
Histology and autoradiography Mice were 
killed by ether anaesthesia The knee joints 
were dissected and processed for histology. 
Total knee sections (6 μπι) were prepared, 
mounted on gelatin-coated slides and stained 
with haematoxylm and eosm (H & b) When 
cellular proliferation was studied, mice were 
injected 1 ρ with 50 μg 5-fluoro-undine, 20 
mm prior to the 1 ν injection of 40 μCl 
125I-deoxyundine After 45 mm the animals 
were killed Paraffin sections of the total knee 
were dipped m К 5 emulsion (Ilford, Basildon, 
Essex, England) and exposed for 5-20 days 
After this period the slides were developed 
and stained with H & E 
Measurement of arthritis In order to quantify 
the joint inflammation we used an adap­
tation of the 99mTc-pertechnetate uptake as 
described previously (Kruijsen et al 1981) 
This method has been shown to correlate 
with histological findings (Lens et al 1984) 
Briefly mite were injected with to μΟι 9 9 m Tc 
and sedated with chloral hydrate (intrapen-
toneally) After 30 mm the amount of 
radioactivity m the right and left knee joint 
was assessed by measuring the ^-radiation, 
with the knee in a fixed position, using a 
collimated Nal-scintillation crystal Arthritis 
was scored as the ratio of the 9 9 m Tc uptake m 
the right (R) and left (L) knee joint R/L-ratios 
> ι ι о were taken to indicate inflammation 
of the right knee 
Measurement of bone marrow mitotic activity 
For an accurate quantification of the activity 
of bone marrow adjacent to the inflamma­
tory focus the 125I-deoxyuridme incorpora­
le 
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tion in the patellar bone marrow was used. 
Animals were treated with fluoro-uridine 
and 125I-deoxyuridine as described. After 45 
min the animals were killed; the patellas 
were removed with a minimal amount of 
connective tissue leaving the patella intact. 
The patellas were fixed in buffered formalin 
and decalcified in 5% formic acid. This 
procedure enables the patellas to be punched 
out of the surrounding tissue. The radiola­
belled bone marrow which is retained in the 
isolated patellas, was used for y-counting. 
The measured radioactivity was exclusively 
located in the bone marrow since this is the 
only tissue of the patella which activily 
divides, as can be shown with autoradiogra­
phy (Fig. 1). Bone marrow activity of a 
patella from an inflamed joint was compared 
to the activity of the contralateral patella of 
the non-inflamed (control) joint. The activity 
of the patellar bone marrow was scored as a 
percentage of the incorporation in the con­
trol patella. We studied bone marrow activity 
in both types of arthritis using a severe and a 
moderate degree of inflammation in either 
type. 
Grading of histological parameters. Cellular 
infiltration and bone apposition were scored 
semi-quantitatively with light microscopy 
on five to seven serial sections. Cellular 
infiltrate was scored with a four-point scale 
(from — to + + + ) in proportion to severity 
(thickness of synovial membrane and perios­
teum). Bone apposition was scored on the 
patella and the lateral and medial side of the 
femur opposite the patella (combined score), 
using a four-point scale in proportion to 
severity (thickness of the chondroblast and 
osteoblast layer). 
' 
С 
Fig. ι. Autoradiograph of a patella after in vivo l;!5I-desoxyuridine labelling. The bone marrow (b) is 
heavily labelled: no significant incorporation was found in cartilage (c). bone or other collagenous 
structures. H & Ε. χ 480. 
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Results 
Gross histological observations and quantitation 
of arthritis 
Inflammation was clearly present in all 
animals after injection of zymosan (60 and 
180 μg) and the higher doses of mBSA (10 
and 100 ^g). The lowest dose of mBSA (1 μg) 
did not elicit a measurable inflammatory 
response. Arthritis was most pronounced in 
the first week after induction, showing an 
abundant cellular exudate consisting mainly 
of neutrophils. Both types of arthritis showed 
infiltration of the synovium with neutrophils 
and mononuclear cells in the acute phase. 
After the first week the inflammation gra­
dually subsided and the infiltrate became 
predominantly mononuclear. Lymphocytes 
and plasma cells are always present in AIA. 
In the ZIA, lymphocytes are sometimes 
observed in the late chronic phase (after 3 
weeks) indicating that in this phase immune 
mechanisms possibly may play a role. There­
fore ZIA is considered to be non-immunologi-
cal at least during the first 2 weeks. 
Arthritis induced with 180 μg zymosan 
was comparable to the AIA of 10 and 100 μg 
mBSA both histologically and with respect to 
the 9 9 mTc-uptake in the early phase of in­
flammation. Table 1 shows the scores of the 
degree of arthritis from day 1 to 28 for both 
types of inflammation. It is essential to use 
variable degrees of inflammation because it 
offers the possibility to compare two different 
types of inflammation that have roughly 
been matched for the severity of the inflam­
mation. 
Bone apposition 
In both types of arthritis the bony structures 
adjacent to the joint became involved in the 
inflammatory process. Invariably a prolifera­
tive response of the periosteum is seen as a 
swelling of the fibrous and osteogenic layer. 
In the chronic phase of arthritis, develop­
ment of secondary cartilage is often observed 
on predilection sites of the femur and the 
patella. At the lateral and medial side of the 
femur large formations of chondroid (Beres-
ford 1981) tissue can be found in superficial 
serial sections of the joint (Fig. 2). This 
chondroid tissue is soon invaded by blood 
vessels and bone marrow, while the chon-
drocyte-like cells are replaced by osteocyte-
like cells (Fig. 3). Table 2 shows the develop­
ment of bone apposition in the course of 
arthritis. AIA is often characterized by the 
appearance of bone apposition in the early 
phase. At day 7, seven out of ι о mice showed 
considerable apposition of secondary carti-
Table 1. Grading of arthritis 
Arthritis 
induced with 
«Tc-ratio* Infíltrate 
Day 1 Day 7 Day 14 Day 28 Day 7 Day 14 Day 28 
10 ^g mBSA 
100 ßg mBSA 
60 μ% zym 
180 μ§ zym 
nd 
nd 
I.46±0.22 
і . 8 9 ± о . і з 
ι · 3 ΐ ± ο · ι ο 
ι .45±ο.θ7 
і . о з ± о . і о 
I .30±0.22 
Ι · Ι Ι ± Ο · Ο 8 
i . i 9 ± o . i i 
i . i o ± o . o 8 
І . 2 4 І О . І З 
Ι · 0 7 ± Ο · Ο 6 
I . ІІ±0.IO 
І .02І0.05 
I . l 6 ± 0 . I 2 
+ + + + 
+ + + + + 
+ + 
+ + + + 
+ + 
+ + 
+ 
+ 
Five animals per group were measured for "Tc-uptake and killed for histology. 
* mean R/L-ratio ± sd. 
mBSA, methylated bovine serum albumin; zym, zymosan: nd, not done. 
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!«><¿:*.r. Aì^r ν 
Fig. 2. Formation of chondroid tissue (с) at the lateral side of the femur at day 7 of an AIA. 
Chondrocyte-like cells develop subperiostally; no signs of calcification or bone marrow are present. 
O, Old bone. H&E, χ 120. 
lage. whereas none of the zymosan-treated 
animals developed signs of this pheno­
menon. At day 14 and 28 apposition of bone 
was found in both types of arthritis, ranging 
from negligible to extensive. No apposition 
was found in the low-dose group of ZIA 
which only suffered from a mild arthritis. 
Invariably, when bone apposition was 
found, it was located at the medial and 
lateral sides of the articular bone. In general, 
as confirmed in several experiments, forma­
tion of new bone is a phenomenon observed 
in both types of arthritis. The severity rather 
than the type of the inflammation seems to 
be a governing factor for new bone forma­
tion. However, in the antigen-induced arth­
ritis, bone apposition is usually more promi­
nent (earlier and more severe) than in the 
zymosan-induced arthritis. 
Localization and origin of new bone formation 
Since formation of new bone ('bone apposi­
tion') starts with the appearance of chon­
droid tissue (Fig. 2) one could envisage two 
possible origins of this newly formed tissue. 
Firstly, bone apposition could be a result of 
periostal proliferation, which is a prominent 
feature of these types of joint inflammation. 
Secondly the, still present, epiphyseal plates 
could be stimulated to proliferate and pro­
duce chondroid tissue at the bone margin. 
Labellingin vivo of cells with 125I-deoxyur-
idine indicated that cellular proliferation 
predominantly occurred in the periosteum 
near areas of bone apposition (Fig. 4). These 
cells, apparently derived from the osteogenic 
layer of the periosteum, very often had a 
blast-like appearance. In contrast, the label-
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Fig. 3. Apposition of bone at the lateral side of the femur at day 28 of an ATA. The large chondrocyte-like 
cells (Fig. 2) have disappeared and the tissue has become more or less confluent with the pre-existing 
bone, due to calcification and bone marrow formation, o. Old bone; n. new bone. H & Ε. χ 1 го. 
Table 2. Bone apposition 
Arthritis Mice with score of 
Days after induction induced 
of arthritis with - + + + + + + 
7 10 /ig mBSA 2 3 0 о 
l o o /ig mBSA 1 3 1 о 
6o /<g zym s o o о 
ι So μg zym 5 0 0 о 
14 io/ig mBSA 1 5 1 о 
ιοο /ig mBSA 0 1 1 3 
60 /ig zym 4 1 0 0 
180 μg zym 2 1 1 1 
28 10 μg mBSA 0 1 3 1 
100 μg mBSA 0 0 3 2 
60 /ig zym 5 0 0 0 
180 /ig zym 1 2 0 2 
Apposition of secondary cartilage and bone was scored 
histologically on different times after induction of inflam­
mation with mBSA or zymosan. 
Five mice per group were used for each time and dose. 
mBSA, methylated bovine serum albumin; zym. zymo­
san. 
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Fig. 4. Autoradiograph of the lateral side of the femur, day 7 of an ATA. Under the infiltrated periosteum, 
chondrocyte-like cells, labelled in vivo with I24-deoxyuridine, are visible, с Chondroid tissue; o, old 
bone. H&E. X480. 
ling index of the epiphyseal chondrocytes 
was not increased at the site of inflammation. 
which indicates that apposition of bone 
probably does not emerge from the epiphy­
seal plate. In addition, the localization of 
.. - χ \ € 
bone apposition indicates that epiphyseal 
cartilage is not involved in bone apposition. 
Fig 5 and 6 are serial sections of an inflamed 
joint (day 28, AIA). In the superficial section 
impressive, sub-periostal apposition is 
, ι- ' 
Fig. 5· Superficial, serial section of a total knee-joint at day 28 of an AIA. Considerable bone apposition is 
visible on the lateral side of the femur, n. New bone with bone marrow; F. femur; P. patella. Η & Ε, χ 48. 
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'/'• 
Fig. 6. Deep serial section of the same knee-joint as in Fig 5. Little, if any bone apposition is found at this 
site. Note the presence of epiphyseal cartilage in this section. P. patella; F. femur; e. epiphyseal plates. Η 
&E. X48. 
visible. In the deeper section the epiphyseal 
plates are visible. No bone apposition is 
present at the interface of periosteum and 
epiphyseal cartilage. 
Suppression of bone marrow mitotic activity 
The mitotic activity of bone marrow close to 
the inflammatory focus of an AIA was 
severely depressed as measured by 
125I-deoxyuridme incorporation which 
could be visualized by autoradiography and 
quantitated by y-counting of isolated 
patellas. Table 3 shows that 3 days after 
induction of arthritis the mitotic activity of 
patellar bone marrow can be reduced to 60% 
of the activity in the non-inflamed contrala­
teral knee-joint. The observed suppression of 
bone marrow activity seems to be a qualita­
tive feature of the AIA rather than a specific 
phenomenon of a severe arthritis. Both in a 
moderate arthritis (average " T c - r a t i o 
1.48^0-34) and a severe arthritis (9 9 mTc-
Table 3. Mitotic activity of patellar bone marrow 
Type of 
arthritis 
mBSA 
mBSA 
zymosan 
zymosan 
no arthritis 
'•""Tc-ratio* 
2.35±0.25 
1.48 ±0.34 
i . 9 5 ± o . 2 5 
І .2б±О.ІЗ 
i . o 5 ± o . o 6 
I;!5I-deoxyuridine 
incorporation in the 
right patella (% of 
control ± sd) 
6 o ± 2 9 ( P < o . o i ) t 
7 2 ± 2 8 ( P < o . o i ) 
m ± 1 6 (ns) 
i o 7 ± i 9 (ns) 
104 ± 2 0 
At day 3 of a moderate and a severe AIA and 
ZIA, mitotic activity of patellar bone marrow was 
assayed. For each group 8-9 mice were used. The 
I25I-content of the right patella was compared to 
that of the contralateral (control) patella, which 
was taken as the 100% value. Untreated mice 
showed no significant difference in I24-deoxyuri-
dine incorporation, between the left and right 
patella. 
t The two-tailed Wilcoxon rank sum test was 
applied. 
* Mean R/L-ratio±sd. 
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ratio 2 35 ± o 25), suppression of bone mar­
row activity could be measured The non­
immune ZIA did not show any signs of bone 
marrow suppression even when a severe 
arthritis (99mTc-rdtio 1 9 5 ± о 25) was in­
duced Depression of bone marrow activity is 
most pronounced at 24 h after induction of 
arthritis and can be detected up to 7 days 
after induction In the chronic phase of 
arthritis, no accurate quantification of bone 
marrow activity could be made since in this 
stage the patella can be subject to consider­
able deformation (erosion and apposition of 
bone) 
Discussion 
Damage to articular structures as a result of 
inflammation has been extensively docu­
mented (Van den Berg et al 1981, Dumonde 
& Glynn 1962, Gonsden ei al. 1971, Goldlust 
etal 1978) The influence of joint inflamma­
tion on periarticular structures such as bone 
marrow and periarticular bone has received 
little attention In addition few data are 
available on the differences between different 
types of inflammation e g immune versus 
non-immune We demonstrated that sup­
pression of bone marrow mitotic activity is a 
feature of AIA and not of ZIA Furthermore it 
was observed that cartilage damage and 
apposition of new bone were more promi­
nent in the AIA Apposition of bone, pre­
ceded by the formation of secondary carti­
lage, was found to emerge from the perios­
teum. 
In order to make a valid comparison 
between these types of arthritis, it is necess­
ary to avoid quantitative differences between 
the two (1 e the mass of inflammatory tissue 
should be approximately the same) There­
fore we compared ZIA with AIA using mice 
that had been matched for the severity of 
arthritis by 99mTc-uptake and gross histolo­
gical observations, such as the amount of 
infiltrate and exudate. We showed that AIA 
is more destructive than ZIA of comparable 
severity and duration The two types of 
arthritis obviously share a number of fea­
tures of inflammation A possible difference 
might be the local production of lymphok-
mes in AIA as a result of continuous stimula­
tion with retained antigen These factors can 
modulate the destructive process directly, by 
acting on chondrocytes (Hermann et al 
1984), osteoclasts (Yoneda & Mundy, 1979) 
and bone marrow or indirectly, by activat­
ing macrophages 
Apposition of bone has been described in 
humans (Resnick & Niwayama 1977) and in 
experimental models (Kruijsen et al 1981). 
Formation of secondary cartilage has 
recently been reviewed (Beresford 1981) 
under several normal and pathological con­
ditions, but not as a result of inflammation 
No data exist on the mechanisms and the 
kinetics of these phenomena AIA and to a 
lesser extent ZIA appear to be useful models 
to obtain more knowledge on this subject 
To our knowledge no data exist on local 
suppression of bone marrow activity during 
arthritis in humans One might speculate on 
a possible contribution of this phenomenon 
to the normocytic or hypochromic anemia 
which is the most common extra-articular 
manifestation of rheumatoid arthritis Some 
factors contributing to anemia have been 
elucidated (Baum & Ziff 1979) but the major 
causes arc still unclear 
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Hydrogen Peroxide Suppresses the Proteoglycan Synthesis 
of Intact Articular Cartilage 
JOOST SCHALKWIJK, WIM В van d e n BERG, LEVINUS В A van de P U T T E , and LEO A B J O O S T E N 
Abs/rau The effects of oxygen derived metabolites on intact murine patellar cartilage 
were investigated. Hydrogen peroxide was found to suppress the chondrocyte proteo­
glycan synthesis as measured by "SO., incorporation. Superoxide or hydroxy! radicals 
were not involved in chondrocyte damage. Autoradiography showed a severe inhibition 
of b S O j uptake by the chondrocytes in the central area of the patella. Histological 
examination did not show acute effects on the morphology of the affected cartilage. 
When kept in tissue culture up to 96 h, patellae exposed to hydrogen peroxide still 
showed considerable suppression of "SO., uptake and occasional cell death was 
observed. These data support the concept that cartilage damage, as a result of inflamma­
tion, may be related to the generation of toxic oxygen metabolites.(J Rheumatol 1985. 
12:205-210) 
Kev Іпаемпч Terms 
CARTILAGE HYDROGFN PFROXIDE 
CHONDROCYTES PROTEOGLYCANS 
OXY RADICALS 
Cartilage destruction in human joint inflammation, of 
which rheumatoid arthritis (RA) is the prototype, has 
been thought to result from enzymatic breakdown1-, 
impaired chondrocyte synthetic function, and chon­
drocyte death34 Degradative enzymes may be released 
from inflammatory cells in the inflamed joint, but also 
from synovial tissue cells and the chondrocytes them-
selvesN Mediators known to suppress chondrocyte 
proteoglycan (PG) synthesis in varo include lympho-
kines6, prostaglandins' and catabolin' Recently, atten­
tion has been focused on the potential of oxygen free 
radicals and their derivatives to cause tissue damage4 IIJ 
Indications for the involvement of free radicals in 
inflammation stem from the effects of superoxide dis-
mutase (SOD)", and iron chelators'213 in experimental 
models of inflammation Little is known about the 
direct effects of oxygen metabolites in intact tissue 
since most experiments were performed on isolated 
cells1,1 or monolayers of cells in tissue culture"" In 
addition, breakdown of macromolecules such as 
hyaluronic acidr, PG" and collagen" by free radicals 
has always been studied with purified target molecules 
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in the solution We investigated the effects of superox­
ide and hydrogen peroxide (H,0,) generating system 
xanthine-xanthine oxidase™ (XaXaOx) on cells and 
tissue components of fully intact articular cartilage 
We found no evidence for breakdown of PG to small 
fragments that could diffuse out of the cartilage 
matrix The chondrocyte PG synthesis, however, was 
severely inhibited Catalase but not SOD completely 
abolished the inhibitory effect, indicating that H2O2 
rather than superoxide is the noxious agent Since 
H,0; is produced in large amounts by inflammatory 
cells upon triggering with various stimuli2', it may play 
a role in cartilage destruction as seen in RA 
MATERIALS AND METHODS 
Animals Male. 7-9 week old C57B1 mite weighing 22-26 g were 
used They were fed a standard diet and tap water ad libitum. 
Materials Catalase dhymol-free. 17600 U/mg) SOD (2800 U/mg), 
horse radish peroxidase (275 U/mg), XaXaOx (1 3 U/mg), xanthine 
(grade V) tytothrome С (type IV) and diaminotna/ol were 
purchased from Sigma Chemical Co (St Louis MO) Na235SO4(100 
mCi/mmol) was purchased from Amersham (Bucks, England) 
Solulyte and Lipoduor were obtained from Baker Chemicals 
(Deventer the Netherlands) Hydroxyphenyl propionic acid was 
purchased from Koch-Light Laboratories Ltd (Poole, England) 
Measurement of chondrocyte PG synthesis Mice were sacrificed by 
ether anesthesia followed by cervical dislocation The patellae, with 
a minimal amount ol adjacent connective tissue, were dissected, 
leaving the cartilage intact4 2 2 The specimens were kept on ice in 
RPMI and used within an h after isolation After incubation for 2 h 
at370Cin RPMI 1640 with 20-40
 MCi Na2
35b04/ml the tissues were 
washed, fixed in 4% buffered formalin for 20 h and decalcified in 5% 
formic acid for 6 h This procedure enabled the patellae to be 
punched out to remove the surrounding connective tissue The 
punched patellae, consisting of cartilage and bone, were digested in 
Solulyte for 3 h at 60°C and subsequently dissolved in Lipolluor for 
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liquid scintillation counting Figures 1. 2 show that the incorporated 
radioactivity was located in and around the chondrocytes, other 
patellar structures such as bone marrow and osteocytes did not take 
up ^SOA Not only the superficial layer of chondrocytes incorpor­
ated ^SO-i. but also the chondrocytes of the deeper layers showed 
labeling with radiosulfate (Figure 1) 
The washing, fixation and decalcification procedures removed all 
free 35S04 from the tissue When glycosammoglycans (GAG) were 
extracted from the isolated patellae using the standard techniques of 
papain digestion and precipitation with cetylpindimum chloride-3. 
85-95% of the ^S content of the patellae was associated with the 
GAG fraction (mainly chondroitin sulfate) Therefore, the 3SS con­
tent of fixed decalcified patellae, isolated from the surrounding con­
nective tissue by punching, could be equated with the amount of 
sulfated GAG in the patellar cartilage 
Superoxide ami НЮ: generation. The freshly isolated patellae were 
washed in Gey's balanced salt solution (GBSS) and exposed to a flux 
of superoxide anions and НЮ2. using the XaXaOx system17 
Routinely, the tissue specimens were incubated for 45 mm at 370C 
in 0 5 mM xanthine in GBSS containing 0005 U xanthine oxidase/ 
ml These conditions resulted m an initial flux of superoxide anions 
of 25 nmol/ml/min as measured by cytochrome С reduction After 
exposure to superoxide and H2O2 the tissue specimens were washed 
in GBSS for 5 mm and assayed for iSS04 incorporation When 
prelabeled patellae were used to investigate the ability of XaXaOx to 
degrade matrix PG. an excess of xanthine was used, resulting in a 
continuous flux of 25 nmol/ml/min for 2 h. 
Superoxide measurement Superoxide was measured using the SOD 
inhibitable cytochrome С reduction with a cytochrome С concentra­
tion of 100 μΜ An extinction coefficient of 21.000 M^'cm - 1 (dif­
ference between reduced and oxidized form at 550 nm) was 
assumed 
H3Ö2 andcatalase measurement Catalase was assayed at pH 7 by the 
fall in absorbance at 240 nm from 0 45 to 0 40 as H2O2 was 
destroyed24 
H2O2 was measured either by the absorbance at 240 nm or by a 
fluorimetrie assay25 In the latter assay, hydroxyphenyl propionic 
acid was oxidized by H?02 and horseradish peroxidase to a highly 
fluorescent compound (λ 6*=325 nm, \em=405 nm) Diammo-
tnazol was used as a catalase inhibitor at 60 mM 
Fig І Autoradiograph of a ^SQ* labeled patella (original mag­
nification 40 x) with surrounding noncartilagmous tissue Only the 
cartilage is labeled, indicating that ^SO-i uptake of whole, intact 
patellae reflects the chondrocyte PG sulfation When used for quan­
tification of the incorporated radiosulfate, the patella is punched out 
of the adjacent tissue С = cartilage, s = subchondral bone, bm -
bone marrow 
Histology. Whole patellae with adjacent connective tissue were 
fixed in 4% phosphate buffered formalin and decalcified in 5% for­
mic acid. Sections of 6 μ m were prepared and mounted on gelatin 
coated slides These were dipped in K5-emulsioh (llford. Basildon, 
Essex. England) and exposed for 1-2 weeks After this period slides 
were developed and stained with hematoxylin and eosin (H & E) 
Tissue culture Patellae with adjacent connective tissue were kept in 
culture (up to 96 h) using hepes-bicarbonate (1 1) buffered RPMI-
1640 with a final concentration of 15% fetal calf serum. 2.5 mM 
ascorbic acid. 5 mM pyruvate and 50 /xg/ml gentamycin 
StaUsUcs. For comparison between groups of patellae the 2-tailed 
Student t test was used 
RESULTS 
Effects of the XaXaOx system on patellar cartilage. Two 
possible effects of superoxide and its derivatives on car­
tilage were studied. Since it is known that the XaXaOx 
system causes degradation of PG in solution18, we 
investigated the release of iSS from intact cartilage con­
taining 3 5S04 labeled PG, as a result of XaXaOx treat­
ment A second effect of the generated oxygen 
metabolites is the action on the cell metabolism. This 
was tested by measuring the 3 ί 50 4 incorporation by the 
patellar chondrocytes after exposure to XaXaOx. 
Table 1 shows that after a 2 h incubation in XaXaOx 
there was no significant reduction in the ''S content of 
prelabeled patellae, indicating that no "S was released 
during the incubation. In other experiments a 20 h 
chase period was introduced following "SC, labeling 
and before exposure to XaXaOx, again, no difference 
was found between the 2 groups. 
To test the effect of the superoxide and ІТОг produc­
ing system on the metabolism of the patellar chondro­
cytes, the tissue specimens were exposed to XaXaOx for 
45 min. The initial flux of superoxide anions was 25 
Fig. 2 Autoradiograph of a patella (original magmficalion 100 x) 
after exposure to 250 μ M H2O? for 15 mm (subsequently pulsed 
with "SO-i) The central chondrocytes do not incorporate radiolabel 
whereas the marginal chondrocytes, close to the ligament, are not 
affected С = cartilage, bm = bone marrow; s = subchondral bone 
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Table 1 Effects of XaXaOx on mcorporalion and геіеачі· of ^S 
First Treatmenl оГ Second Treatment of 
the Patellae the Patellae 
J 5 S 0 4 pulse* XaXaOx 
, S S 0 4 pulse GBbb (control) 
5 5 S0 4 pulse* 20 h chase XaXaOx 
J 5 S 0 4 pulse 20 h chase GBSS (control) 
XaXaOx*· 3 5 S0 4 pulse 
GBSS (control) 3 5 S0 4 pulse 
" S content ± S D 
(CPM) 
238 ± 33 
243 ± 30 
262 ± 65 
273 ± 8 3 
132 ± 15 
274 + 6 1 
1 5S content ± SD 
{% of Control) 
98 ± 14 (NS) 
100 ± 12 
96 ± 38 (NS) 
100 ± 30 
48 ± 1 2 (p<0 001)t 
100 ± 2 2 
' Patellae (6-8/group) were pulsed with 20 μ Ο " S O ^ m l for 2 h at 37°C 
Exposure to XaXaOx was performed immediately or after 20 h of culture which resulted in 
3 5 S 0 4 labeled fully processed PG After exposure to the XaXaOx system for 2 h the " S content 
of the patellae was measured 
" Patellae (6/group) were exposed to XaXaOx for 45 mm 
Subsequently the 3 5 S 0 4 incorporation using a pulse with 20 μΟ/πιΙ for 2 h was measured 
t Student t test NS not significant 
nmol/min/ml This treatment resulted in a severe 
depression of the subsequent J ,S04 uptake (Table 1) 
The metabolic activity of the patellar chondrocytes 
was reduced to 48% of the control value Experiments 
using either xanthine or xanthine oxidase alone, or 
xanthine with heat-inactivated xanthine oxidase 
showed no suppression of the "SOj uptake 
When 'M-glucosamine was used as PG marker, simi­
lar results were obtained indicating that the inhibition 
of 35S04 uptake reflects a more general suppression of 
the chondrocyte metabolism rather than an inhibition 
at the level of PG sulfation 
Effects of scavengers in the XaXaOx model Since in the 
XaXaOx model both superoxide and H202 (and possi­
bly hydroxyl radicals) are produced, we investigated 
the effect of several agents known to eliminate or 
enhance the formation of these toxic oxygen species 
(Table 2) Addition of SOD in a concentration range 
from 30 to 300 U/ml, which completely inhibits the 
superoxide dependent cytochrome С reduction within 
this system, did not affect the observed suppression of 
the 3 iS04 uptake Catalase (2 to 100 U/ml) was highly 
effective and almost completely abolished the sup 
pressive effect of the XaXaOx system Heat inacti­
vated catalase was ineffective We did not find SOD 
activity in the catalase preparation (and vice versa) at 
the concentrations used for the experiments To 
investigate if hydroxyl radicals were involved (pro­
duced via the Haber-Weiss reaction) manmtol 
(50-250 mM) was used as a hydroxyl radical 
scavenger We did not find a significant protective 
effect of manmtol (Table 2) even when high con­
centrations were used These results clearly showed 
that HjOj itself was responsible for the suppressive 
effect on the chondrocyte metabolism and not an 
extracellularly produced derivative (the hydroxyl radi­
cal) or its precursor (the superoxide anion) 
Concentration and time dependence of Η 0< induced 
chondrocyte suppression To confirm the observation 
that H,0 was responsible for the observed effects of 
the XaXaOx system, patellar cartilage was exposed to 
H P , in the absence of superoxide anions Table 3 
shows that incubation m varying H,0> concentrations 
induced a dose dependent suppression of the chondro­
cyte activity A concentration as low as 50 μ M still 
resulted in a significant effect on the "S04 uptake 
(29% inhibition, ρ < 005) 
To investigate the possibility ofhydroxyl radical for­
mation via the iron catalyzed Fenton reaction'1, Fe++ 
was added In a concentration range from 0 5 to 50 
μΜ, we did not find any potentiating effects of fer­
rous ions on the suppression of the chondrocyte 
metabolism induced by 100 μ M НзОг (data not 
shown) 
Table 2 Effect of 4ca\ingers in the XaXaOx м stem 
1 reatment Patellae 
Inhibition of "SOi 
Incorporation 
(% ± S O ) 
XaXaOx 
XaXaOx + superoxide dismulase 
XaXaOx + catalase 
XaXaOx + mannitol 
GBSS (Control) 
45 ± 16 
44 ± 16 
2 ± 19 <p<0001>* 
41 ± 8 
0 ± 10 
After treatmenl with XaXaOx for 45 mm at 174; the patellae 
(5/group)were radiolabeled with 20 μ Ο 3 5S0 4/ml m RPMI for 
2 h at 374; Addition of SOD (300 umls/ml) or manmtol (250 
mM) gave no significant differences compared with XaXaOx 
alone whereas catalase (100 umls/ml) restored the 3 5 S 0 4 uptake 
lo the control value Control cxpenmenis with SOD catalase or 
manmtol in GBSS did noi show stimulation or inhibition of 3 5 S 0 4 
uptake as a result of the scavenger itself 
* compared with XaXaOx 
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Table 3 Effect ofpreincuhaiioii with HjOtim ^SO^uptake 
Concentration of H,0-, 
( juM) in GBSS 
250 
100 
50 
25 
0 
Inhibition of 35S04 Incorporation 
(% ±SD1 
51 ± 12 (p<0001) 
41 ± 14 ( p < 0 005) 
29 ± 1 8 (p<005) 
8 ± 23 NS 
0 ± 2 0 
Patellae were incubated for 45 mm at 37°C in GBSS. containing 
different Η2θ2 concentrations After this treatment the patellae 
(5/group) were radiolabeled with 20 ju-Ci , 5S0 4/ml in RPMI for 
2 h at 370C 
NS: not significant 
In an experiment on the time-dependence of H202 
induced inhibition (250 μ,Μ) we found that within 5 
min after the start of incubation, the "S04 incorpora­
tion was inhibited (68 ± 6% inhibition). Prolonged 
exposure to Η,Ο, did not significantly increase the 
observed inhibition (75 ± 5% inhibition after 45 min). 
It was also observed that the Н
г
О, concentration in the 
medium decreased in time due to catalase or perox­
idase activity of the tissue. In these experiments the 
H202 concentration decreased with approximately 50% 
after 45 min of incubation. 
Serum protection. To investigate whether serum would 
protect the cartilage against Η,Ο- induced damage, the 
patellae were incubated in 100 μ M H 20 : with varying 
amounts of serum (Table 4). Undiluted serum showed 
considerable protection whereas the presence of 1% 
serum was totally ineffective. Dialyzed serum was 
equally protective, excluding the possibility of a low 
molecular weight substance as a protective agent. 
Traces of catalase activity were found in the serum; 
this could not, however, fully explain the observed 
protection by serum since the catalase inhibitor 
diaminotriazol (60 mM) could only partially (25%) 
reduce the effect. 
Histology and autoradiography. Patellae were exposed 
to 250 μ M H,02 in GBSS for 15 min. Control patellae 
were incubated in GBSS. After washing, the tissue 
specimens were kept in tissue culture and bS04 incor­
poration was performed after different intervals (0, 24 
and 96 h). The patellae were subsequently processed 
for histology and autoradiography. Histological 
examination of Η,Ο. treated patellae showed no 
morphological abnormalities of the chondrocytes after 
0 or 24 h in tissue culture. The J,S04 incorporation, 
however, was clearly suppressed, mainly in the central 
region of the patellar cartilage (Figures 1,2). The areas 
close to the synovium and the collagenous structures 
were relatively unaffected. H2Oj treated patellae, sub­
sequently kept in tissue culture for 96 h, still showed 
suppression of "SO4 uptake (Figure 3) in the central 
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Table 4 Protection h\ serum components against // 2 Oj in-
Juced suppression of Ч С ^ uptake 
Incubation Medium 
100% serum 
10% serum 
1 % serum 
100% serum, dialyzed 
GBSS 
Inhibition of 3 5 S 0 4 Uptake 
(% ± S D ) 
18 ± 17 
39 ± 15 
75 ± 7 
9 ± 2 2 
0 ± 2 0 
Five patellae/group were incubated for 15 mm in 250 μΜ HjOj 
(in GBSS) with varying amounts of normal mouse serum After 
washing, radiolabeling was performed as described and the 15S04 
uptake was measured 
area. Occasionally, empty lacunae or pyknotic nuclei 
were observed. The control patellae showed ' ^ 4 
uptake in all chondrocytes, and no loss of cells was 
seen. 
DISCUSSION 
It has been well established that inflammatory cells 
(neutrophils, macrophages) produce large amounts of 
superoxide and Η,Ο, upon stimulation with various 
agents'82'. Superoxide radicals and hydroxyl radicals 
have been found to cause activation of a chemotactic 
factor in plasma'8, immune complex induced vascular 
injury', complement induced lung injury12, lipid 
peroxidation" and degradation of macromolecules 
such as hyaluronic acid", PG18 and collagen19. Free 
radical (per) oxidation products have been demon­
strated in synovial fluid (SF) of patients with RA29. 
The importance of H202 as a factor causing tissue 
damage is less well documented, except for several 
Fig 3. Autoradiograph of ,SS04 labeled patellar cartilage (original 
magnification 100 x) The patella was treated with H2O2 (250 μΜ. 
15 min), kept in tissue culture for 96 h and subsequently pulsed with 
35S04 . The central chondrocytes still show an inhibition of radiosul-
fate incorporation whereas the marginal chondrocytes are less 
affected С = cartilage, bm = bone marrow, s = subchondral bone 
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reports on the toxicity of H2O, for cells in tissue 
culture'6 m'[ Our data suggest that both H O2 and 
superoxide, within the limitations of our experiments 
are not capable of degrading PG to small fragments 
since we did not find loss of sulfated GAG fragments 
from the matrix It is still possible that PG are damaged 
or denatured by the attack of superoxide or H О, We 
have no information whether this is the case or not 
The impact of H.Oj on the metabolic function of the 
chondrocyte is profound Moreover, fyO^ can cause 
cell death and hence, will induce irreversible cartilage 
damage The mechanisms for Н)02 induced tell death 
have recently been investigated10 Apparently several 
mechanisms are involved One of them may be the 
generation of malondialdehyde as a result of lipid 
peroxidation 
The histology of our experiments indicates that 
there is a differential sensitivity of chondrocytes toward 
H,Oj The chondrocytes in the central pan of the 
patella are more severely affected than those at the 
margin An explanation might be that the central 
chondrocytes represent "true" chondrocytes of the 
hyaline cartilage and that the marginal chondrocytes 
are intermediate cells also having characteristics of the 
adjacent cells of the ligaments Another explanation 
might he that the marginal chondrocytes are closer to 
the synovium The synovial tissue could locally lower 
the Н ;02 concentration due to its catalase or perox­
idase activity 
During experimental joint inflammation, the in vivo 
chondrocyte PG synthesis was found to be sup­
pressed" and the combination of enzymatic break­
down and inhibited chondrocyte synthetic function is 
likely responsible for the observed PG depletion of the 
cartilage matrix PG depletion precedes the process of 
irreversible cartilage damage due to collagen break­
down, since denuded collagen fibers are probably 
more vulnerable to enzymatic or free radical mediated 
attack Possible mediators of the suppression of chon­
drocyte PG synthesis are lymphokines6, prostaglan­
dins7, catabolm' and, as suggested by our data, f^Oj 
The relevance of H,0 as an inflammatory mediator 
depends on the concentration at the inflamed site, 
which is the result of local production and enzymatic 
breakdown In this respect it should be noted that 
catalase, the major H O2 eliminating enzyme, is 
intracellular32, extracellular levels are normally low 
and little, if any, catalase was detected in the SF of 
inflamed joints of arthritis patients" In addition to the 
H;02 concentration in the SF, an important principle 
in cartilage destruction may be the observed attach­
ment of inflammatory cells to articular cartilage 
Attachment of granulocytes has been reported to 
occur at cartilage sites with retained immune com-
Schalkwi/k er oí Hydrogen peroxide suppression of ргоіеоці сап wnrhesu 
plexes" Frustrated phagocytosis at the articular car 
tilage surface may lead to the local generation of high 
H ,02 concentrations at the contact site with the poten­
tial of suppressing the synthetic function of the 
underlying chondrocytes We would hypothesize that 
cartilage destruction as seen in RA is at least in part 
due to the action of H,02 
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Cationization of Catalase, Peroxidase, and Superoxide Dismutase 
Effect of Improved Intraarticular Retention on Experimental Arthritis in Mice 
Joost Schalkwijk, Wim В. van den Berg, Levinus B. A. van de Putte, Leo A. B. Joosten, and Liduine van den Bersselaar 
Department ol Rheiiman>log\ St Radboudlunpiial l mim/fi <>/ ^цтецеп The \etherlaiids 
Abstract 
Several enzymes and other proteins неге made calionic either 
by coupling to pol}l)sine or b> shielding of anionic sites. I hese 
calionic proteins, all having an isoelectric poi η I >8.5 exhibited 
excellent retention in articular structures when injected in 
mouse knee joints. Auloradiograph} and histochemistry showed 
that calionic forms of catalase, superoxide dismutase, and 
horseradish peroxidase were firmi} retained by synovial and 
cartilaginous tissues. The half-life of these enzvmes in the 
joint is thus significantly extended compared with native en­
zymes. The native enzymes and their calionic derivatives were 
tested for antiinllammatory properties in mice, using antigen-
induced arthritis and zymosan-induced arthritis. It »as found 
that injection of cationic catalase or peroxidase induced a 
marked suppression of some parameters of the inflammatory 
response in both types of arthritis, as measured by ""technetium 
pcrtcchnctatc uptake and leakage of '"(-labeled albumin. 
rsative catalase and peroxidase were less, or not at all effective. 
Cationic superoxide dismutase or cationic nonenzyme proteins 
did nol suppress inflammation. I he observed suppression of 
two diflcrcnt types of inflammation (an immune and a nonim­
mune arthritis) by catalase and peroxidase suggests that elim­
ination of peroxides contributes to the suppression of an 
inflammatory response. 
We would hypothesize that cationic enzymes offer the 
possibility for investigating the mechanisms of inflammation 
and, in addition, might be interesting from a therapeutical 
point of view. 
Introduction 
Since it has been established thai activated neutrophils produce 
vast amounts of reactive oxygen metabolites (I, 2), a still 
growing body of evidence indicates that these oxygen-denved 
mclabohles play an important role in inflammatory response 
and concomitant tissue damage Most of the indications for 
the involvement of oxygen-denved metabolites in tissue damage 
stem from in vitro expenments There are several reports on 
free radical-mediated degradation of macromolecules (3-5) 
and damage to cultured cells as a result of exposure to activated 
inflammatory cells or superoxide-producing systems (6-9) 
Recently we showed that the chondrocyte proteoglycan synthesis 
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is suppressed by hydrogen peroxide (10. 11) Since it was 
found in vitro that several en/ymes provided protection against 
free radical-induced damage, it was hoped that these enzymes 
could be used as antiinflammatory drugs In several expen-
mental models of inflammation, an effect of administered 
superoxide dismutase (SOD)1 or catalase was observed (12-
15) In some of these models the hydroxy! radical was proposed 
as the toxic species, a possibility supported by the observations 
that ionic iron potentiates the inflammation and iron chelators 
are inhibitory (16, 17) 
One of the problems with therapeutic use of enzymes is 
their limited half-life in the body SOD. which is sold com­
mercially and is reported to be effective in humans, has a half-
life in serum of 5-7 mm (13) It is readily accumulated m the 
kidneys and excreted in the unnc The chance that a signifìcanl 
amount of intramuscularly ddministcred SOD reaches an 
inflammatory focus seems remote It has been shown that a 
prolonged half-life of SOD (by coupling to Ficoll) (18) poten-
tiates its antiinflammatory action 
Most of the work on enzymes as antiinflammatory drugs 
was performed with SOD Occasionally catalase is reported to 
he effective (14. 15) In the present study we used several 
enzymes (SOD. catalase, and horseradish peroxidase [HRPO]) 
modified to yield an isoelectric point (IEP) >8 5 Canonic 
proteins exhibit a strong dffinitv for negative articular structures 
when injected in mouse knee joints (14, 20) Thus, the half-
lives of these cationic enzymes in the joint were improved 
significantly compared with the native enzymes Canonie 
derivatives of catalase and peroxidase were found to be very 
effective in suppressing two different types of experimental 
arthritis Cationic SOD was not eHeclivc Our data suggest 
that peroxides (hydrogen peroxide, lipid peroxides) play an 
important role in the inflammatory response 
Methods 
Antmah Male 7-9-wk-old C57 black mice weighing 22-26 g at Ihe 
start of the expenment were used They were fed a standard diet and 
tap water ad lib 
Materiali Catalase (thymol-free 17.600 U/mg). SOD (2 800 U/ 
mg). HRPO (275 U/mg). xanthine oxidase (1 3 U/mg) xanthine (grade 
V). cytochrome Í (type IV), mclliylalcd bovine serum albumin (mBSA), 
Zymosan A. ovalbumin (OA). poly ι -lysine (30,000-70.0(X) mol wt), 
3,3'-diaminobenzidine hydrochlonde (DAB), and l-ethvl-3-O-dimelh-
ylaminopropyljcarbodnmide were purchased from Sigma Chemical 
Co (St Louis MO) l2sI (camer-free) was purchased from Amersham 
1 Abbreviation* used m this paper a, amidaled, AIA, antigen-induced 
arthritis, DAB, З.З^іатіпоЬепгігііпе hydrochlonde, DMPA, Л' ^-
dimcthyl-1.3-propanediamine, H&E, hematoxyhne and cosine, HRPO, 
horseradish peroxidase, IEP, isoelcctnc point, mBSA, methylated BSA, 
MSA, munne serum albumin, OA, ovalbumin, PLP, polylysme coupled 
to HRPO, PLP,„a, heat-inactivated PLP, PAGE, Polyacrylamide gel 
electrophoresis. SOD. superoxide dismutase, " T c , ""technelium per· 
technetate. ZIA, zymosan induced arthnus 
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(Bucks. England). K-5 Photographic emulsion was obtained from llford 
Ltd. (Basildon. Essex. England) A',/V-Dimethyl-1.3-propanediamine 
(DMPA) was obtained from BDH Chemicals Ltd (Poole. England) 
Hydroxvphenylpropionic acid was purchased from Koch-Light Labo-
ratones Ltd (Colnbrook. Buckinghamshire. England) Isoelectric fo­
cusing ^as performed on a precast gel from Pharmacia Fine Chemicals 
(Uppsala. Sweden). 
Enzyme modi/ualum Catalase. SOD. BSA. and OA were modified 
according to the method of Danon et al. (21). using l-ethyl-3-(3-
dimethylaminopropyl)carbodiimide as an activator and DMPA as a 
nucleophile as described previously (20) In this way free carboxyl 
groups of the protein were coupled to ammo groups of DMPA. The 
IEP of the protein was thus raised, since anionic groups were eliminated 
and catiomc groups were introduced by DMPA, We refer to this 
procedure as "amidation" of the protein Thus, proteins modified as 
desenbed above have the prefix "a" (e.g.. aCatalase. amidated catalase) 
HRPO was made canonic by coupling to polylysinc. Briefly, the 
sugar moieties of HRPO were oxidized to the corresponding aldehyde 
with NaKV and coupling to poly ι-lysine was performed at pH 9,5 
Enzyme measurements Peroxidase was assayed fluonmetncally. 
using a modification of the procedure desenbed by Zaitsu and Ohkura 
(22) based on the fluorescence of the oxidation product of hydroxy-
phenylpropiomc acid (λ„ - 325 nm. X(m = 405 nm) 
SOD was assayed by its ability to inhibit cytocUromc с reduction 
bv superoxide, which was generated by xanthine-xanthine oxidase (23). 
Catalase was assayed at pH 7,0 by the fall in absorbance (240 nm) 
from 0.45 to 0.40 as H202 was destroyed (24). 
lodmation of enzymes '"'I-Labeling was performed by the chlora-
mine Τ method (25), '^I-Protem was separated from free ш 1 by 
Sephadex G-25 fractionation 
Deienmnatum of IEP The IEP of the various proteins was deter­
mined by isoelectric focusing on a 5% Polyacrylamide slab gel. using 
an ampholyte pH gradient from 3 5 to 9 5. according to the manufac-
turers instructions. 
Sodium dodeeyl sulfale-polyacrvlamide gel electrophoresis (SDS-
PAGE) Proteins were separated on an 8-16^ Polyacrylamide gradient 
slab gel according to the method of Laemmli (26). 
Immunization and mduition of arthritis Mice were immunized 
with 100 μ% mBSA in 0 ! ml Freund's complete adjuvant emulsion as 
previously desenbed (27), On day 21 after the pnmary immunization. 
arthntis was induced by the intraarticular injection of variable doses 
of antigen in 6 μΐ of saline in the right knee joint. The nonimmune 
arthntis was induced by the intraarticular injection of zymosan in 6 
μΙ of saline, as previously desenbed (27). 
Experimental design Generally, six to nine mice per group were 
treated with enzyme I d before the induction of arthntis 6 μΐ of 
enzyme solution was injected into the nght knee joint After induction 
of arthntis (as desenbed above) the inflammation was quantitated with 
"•"technetium pertechnetate (9''mTc) uptake, usually at day 3 and 7 
after induction. 
Measurement of arthritis To quantify the joint inflammation we 
used an adaptation of the 9VmTc uptake (28) as desenbed previously 
(29. 30) Bnefly. mice were injected with 10 μΟ ""Tc and sedated 
with chloral hydrate After 30 mm the amount of radioactivity in the 
nght and left knee joint was assessed by measunng the 7-radiation. 
with the knee in a fixed position, using a colhmatcd Nal scintillation 
crystal, Arthntis was scored as the ratio of the " "Tc uptake in the 
nght and left knee joint. Right/left ratios > 1,10 were taken to indicate 
inflammation of the nght knee joint, 
Measurement of enzyme retention The retention of catiomc and 
native enzymes in vivo was assessed using radiolabeled ( i : ,I) enzymes, 
After intraarticular injection of 12 μg of enzyme (6 μΟ/η^). the 
retained enzyme was quantitated by external gamma counting, as 
desenbed for measurement of ""Tc, 
Quantification of vascular permeability Vascular permeability was 
quantitated by the degree of extravasation of '^I-labeled munne serum 
albumin (MSA). This method is similar to assays that have proved to 
be useful m lung and dermal inflammation (14, 31). '^I-Labclcd MSA 
was injected mtravenouslv (4 μCI/mouse). and after I h the accumulation 
of radiolabel m the knee joints was measured, using the device 
desenbed for 94mTc measurement. The ratio of the measured radioac-
tivit> in the nght (inflamed) and left (control) knee joint was taken as 
a measure for the plasma exudation as a result of the inflammatory 
response 
Histology and autoradiography Mice were killed by ether anaes­
thesia The knee joints were dissected and processed for histology as 
previously desenbed (27), Total knee sections (6 μηι) were prepared. 
mounted on gelatin-coated slides and stained with hcmatoxyline and 
eosme (H&E), Paraffin sections of the total knee were dipped in 
photographic emulsion and exposed for 5-20 d After this penod the 
slides were developed and stained with H&F 
ffisUKhemistry For demonstration of peroxidase activity in articular 
tissues cryostat sections of whole undecalcified knee joints were obtained 
using a method recently developed in our laboratory (32) After fixation 
in 4% buffered formaline (2 mm at room temperature) the sections 
were incubated in Tns buffer pH 7.8 with 0,05^ DAB and 0.2% 
hydrogen peroxide for 20 mm at room temperature The nnsed 
sections were embedded in 50% glycerol, 
Statistics The quantitation of arthntis with 99mTc uptake or l 2 i I-
MSA leakage was evaluated statistically using the one-tailed Mann-
Whitney U test. Significance was calculated for the enzyme-treated 
groups compared with the appropriate controls aOA for aCatalase and 
aSOD. heat-inactivated PLP (PLPinail) for polylysme-coupled 
HRPO(PLP). 
Results 
Enzyme modi f teal ¡on SOD. catalase, BSA. and OA were 
amidated as desenbed, HRPO was coupled to poly L-lysine; 
this procedure could not be applied to the other proteins since 
it relies on the presence of oxidizable sugar moieties. Fig. 1 
shows an isoelectric focusing gel of native and modified 
proteins. Due to the relatively mild conditions of protein 
modification that avoid extreme pH and temperature, there 
was little loss of en/ymc activity (aSOD. 80-907i. aCatalase, 
100%; and PLP. lOO t^ of the original activity is retained; 
enzymes assayed as desenbed in Methods), Amidation caused 
chemical modification of the enzymes but their molecular 
weights were not significantly altered. Inter- and intramolecular 
9 * 
pH 
i 
5 « * M 
1 2 3 4 5 6 
Figure 1 Isoelectric focusing slab gel (pH gradient 3.0-9,5) of native 
and catiomc proteins Lanes 1-6: aSOD. SOD. aCatalase, catalase, 
aBSA. and BSA, respectively 
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Figure 2 SDS-PAGE of native and canonic proteins (8-16% gradient 
slab gel). Lanes 1-9; PLP. HRPO, SOD, aSOD, catalase, aCatalase, 
BSA, aBSA, and molecular weight markers, respectively. Molecular 
weights indicated in kilodaltons. Lane 1 appears to be empty because 
PLP consists of large molecules that do not enter the gel. 
cross-linking may have occurred to some extent as can be seen 
on Fig. 2. Apart from the catalase monomer (60 kD), small 
amounts of dimer and tnmer are visible. Since this gel was 
run under dissociative conditions, some covalent coupling of 
the monomers must have occurred as a result of the amidation. 
Coupling of HRPO to polylysine caused less chemical modi­
fication, but the molecular weight was significantly raised since 
several polylysine molecules were coupled to HRPO SDS-
PAGE (Fig. 2) of the modified enzymes showed that PLP is a 
complex of >200 kD that does not enter the gel. 
Retention studies To investigate the effect of charge mod­
ification on the retention of the enzymes, the clearance of 
native and cationic radiolabeled enzymes was measured after 
intraarticular injection in mouse knee joints. 12 μg of enzyme 
(6 μ Ο l 2 sI/mg protein) in saline was injected and retention 
was measured by external gamma counting. Fig. 3 shows that 
retention of the cationic enzymes was considerably improved 
compared with the unmodified enzymes. Cationic enzymes 
could easily be detected up to 14 d after injection. From the 
native enzymes, only HRPO showed >\% retention (of the 
initial dose) at day 2, which can be attributed to the presence 
of basic isoenzymes. The cationic derivatives were significantly 
better retained: 7-14% of the initial dose on day 2 The bulk 
of the injected enzyme was rapidly cleared but the amount of 
enzyme retained after day 2 exhibited an extremely long half-
life. 
Localization of canonic enzymes To confirm the quanti­
tative data on enzyme retention and to investigate the distri­
bution of radiolabeled cationic enzymes within the joint, whole 
joint sections were autoradiographed Native SOD, catalase, 
and HRPO were poorly retained (quantitatively) and localized 
predominantly in the synovium and to a lesser extent on 
fibrocartilage; no affinity for hyaline cartilage was observed. 
The cationic derivatives all showed a strong affinity to carti­
laginous and synovial structures as visualized with autoradiog­
raphy. aCatalase and aSOD were predominantly associated 
with hyaline and fibrous cartilage, whereas PLP was retained 
both on cartilage and in the synovium as visualized in Figs. 4 
and 5. 
Histochemistry To check whether the retained radioactivity 
represented active enzyme, we performed histochemistry on 
cryostat sections of knee joints at various times after intraar­
ticular injection of PLP aSOD and aCatalase were not studied 
since no histochemical detection is available for these enzymes 
Active enzyme was demonstrable at least up to 7 d after 
injection (Fig. 5). 
Eßects on experimental arthritis Two models of experi-
mental arthritis in mice, antigen-induced arthritis (AIA) (33) 
and zymosan-induced arthritis (ZIA) (34), were used. The first 
is a Τ lymphocyte-dependent inflammation (33), the latter is, 
at least in the acute phase, not driven by immunological 
mechanisms Both types of inflammation have a protracted 
course due to persistence of the irritant. aCatalase was tested 
in an AIA (Table I). 1 d before induction of arthnlis with 40 
Mg of mBSA, mice were treated with aCatalase. catalase, aOA, 
or saline aOA served as a control; this protein is cationic but 
does not possess enzymatic activity. We could not use heat-
inactivated aCatalase since inactivation always causes precipi­
tation of this enzyme; thus it would not represent a proper 
control. Joint inflammation was measured at 3 and 7 d after 
induction Table I suggests a moderate (not significant) effect 
of both aCatalase and catalase after 3 d. However, after 7 d, 
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Figure 3 Retention curves of (Λ) aCatalase, (B) aSOD, and (C) PLP. value. The retention of radiolabeled enzyme was monitored by exttr-
12 /ig of radiolabeled cationic or native enzyme was injected The nal 7-counting and expressed as a percentage of the initial dose. Each 
amount of injected radioactivity was considered as the initial 100% point represents the average of five kneejoints±SD. 
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Figure 4 Autoradiograph of a mouse knee joint 14 d after intraar­
ticular injection of '^I-labcled PLP Note the retention of canonic 
enz\me in synovial tissue. H&fc staining. Original magnification 
X 250. S. Synovium; C. capsule: and B. hone. 
iflammation as measured with ' " T c uptake had waned in 
the aCatalase group, but arthritis was still clearly present in 
ine other groups, including the mice that had received native 
catalase. Since inflammation is related to the amount of 
antigen retained m the joint, we checked whether treatment 
with cationic proteins before the induction of arthritis had any 
effect on mBSA retention. We did not detect any effect of the 
pretreatment (with cationic enzymes) on the retention of 1 2 5 I-
labeled mBSA. In addition, aOA did not suppress the inflam­
mation (Table 1); it was therefore concluded that the enzymatic 
activity of aCatalase was responsible for the observed effect. 
In a separate expenment. SOD and aSOD were tested for 
effects in the acute and late phase of inflammation in AIA 
(day 3 and day 7); however, no antiinflammatory effects of 
native or aSOD were observed (data not shown). 
PLP was tested in another model of arthritis (Table II) 
together with the native enzyme. Since PLP can be inactivated 
by heating (IO min, 100oC) without precipitation, this prepa­
ration represents an adequate control for the active cationic 
enzyme. In this experiment 180 /ig of zymosan was injected 
intraarticularly I d after intraarticular injection of PLP, PLPi
n a a
, 
HRPO, and saline, respectively. At day 3 and 7 arthritis was 
measured with OTmTc uptake. Table II shows that PLP had a 
significant effect on the inflammatory response compared with 
P L P
m a a
, HRPO, and saline In other experiments we tested 
PLP in an AIA and found essentially the same results as for 
the ZIA. We also vaned the administration schedule for the 
cationic enzymes. Basically similar results were obtained 
whether the enzymes were given 3 d before the induction of 
' JS 
•J'W 
Figure S Histochemical demonstration of peroxidase activity in a 
cryostat section of an undecalcified knee joint 5 d after intraarticular 
injection of 12 μg of PLP. Notice the dark precipitates of the DAB 
reaction on the cartilage surface and in the synovial tissue No 
counteretainmg used. Original magnification X 250. JS, Joint space; 
B, bone; C. cartilage; and S, synovium. 
arthritis or on the same day (mixed with the inflammatory 
agent). The effect of aCatalase was found to be dose-dependent. 
We observed that the effect reached a plateau at doses from 
12 to 120 μg of enzyme, 
Table III shows the effects of aCatalase and aSOD in a 
ZIA. In this experiment we also tested whether aSOD would 
enhance the effect of aCatalase. We also showed the effects of 
very high doses ofenzymef 120 ><g of protein). This experiment 
shows results similar to those obtained with the AIA. aCatalase 
Table I Effect of Canonic Catalase on an AIA 
Pretreatmem 
aCatalase 
Catalase 
aOA 
Saline 
T c ratio 
Day 3 
1 36*0 20 
1.42±0.I2 
1.50+0.27 
1.62±0.26 
Day 7 
1.06±0.08· 
1..46±0,10 
1.35+0.12 
1.41 ±0.09 
Eight mice per group (immuni/ed with mBSA) were injected intraar­
ticularly with 12 Mg of protein (pretreatment) 1 d before the injection 
of 40 Mg of mBSA in the same knee joint. Αι day 3 and 7 after in­
duction of arthritis the inflammation was quantitated with ""Tc up­
take. 
* Ρ < 0.005 compared with aOA and catalase by the one-tailed 
Mann-Whitney U test. 
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Table II. Effect ofCationic Peroxidase ση a ZIA 
Pretreatmem 
PLP 
PLP,„„ 
HRPO 
Saline + zymosan 
" T c ratio 
DayJ 
1.20±0.05· 
1.54±0.17 
1.51 ±0.10 
1.55±0.08 
Day 7 
1.03+0.05· 
1.19±0.05 
1.23±0.08 
1.26±0.10 
1 цлюитт і.еакаце m те л 
Treatmem 
aCatalase 
Catalase 
Saline 
aOA 
сше rnase oj а ыл 
'"I-MSA rallo 
1.73±0.24· 
2.13±0.38 
2.49±0.32 
2.20+0.44 
Eight mice per group were treated intraanicularly with 12 μg of en­
zyme (pretreatment) I d before the injection of 180 μ% of zymosan. 
At day 3 and day 7 W mTc uptake was measured. 
* f < 0.005 compared with PLP in„ and HRPO by the one-tailed 
Mann-Whitney U test. 
Seven mice per group were treated intraanicularly as indicated above 
(240 μg of zymosan and 12 μ% of enzyme in saline). At day 2 after 
induction of arthritis the leakage of i;4l-labeled MSA was quantitatcd 
and expressed as the ratio of the right and left knee joint. 
* Ρ < 0.05 compared with aOA by the one-tailed Mann-Whitney 
U test. 
is effective and a cationic nonenzyme protein (aOA) is not 
effective. Both at day 3 and day 7 there was a significant effect. 
aSOD (at 120 μg) did not suppress the " m T c uptake but 
showed a slight, not significant potentiation of inflammation. 
In addition, when aCatalase and aSOD were given in combi­
nation, no synergistic effect was observed; aSOD again showed 
a slight potentiation of inflammation. 
Plasma leakage. To assess the amount of vascular perme­
ability or vascular damage as a result of the inflammatory 
response, we measured the extravasation of '"l-labeled MSA. 
Table IV shows that aCatalase significantly decreases the 
leakage of plasma protein at day 2 of a ZIA compared with 
catalase and aOA. Similar results were obtained for PI.Ρ in a 
ZIA. No significant effect was observed with HRPO. 
Morphologic analysis. Inflammation of enzyme-treated and 
untreated animals was examined macroscopically when the 
knee joints were dissected for histology. In general it was 
observed that mice treated with aCatalase or PLP in either 
type of inflammation showed markedly less swelling and 
periarticular bleeding. Even when the differences in , 4 m T c 
uptake were relatively mild, macroscopical differences between 
the enzyme-treated and the control groups were evident. Light 
microscopic examination of arthritis showed that only when a 
Table III. Effect ofCationic 
Trealmcnt 
Catalase and SOD 
W m T c ratio 
Day 3 
on a /II 
Day? 
aCatalase ( 12 jig) 1.29±0.09* 1. 10±0.05· 
aCatalase ( 120 jig) 1.28+0.09* 1.14±0.04· 
aSOD(l2/xg) l.86±0.14 1.5410.10 
aSOD(120^g) 1.97±0.12 1.62±0.12 
aOA(12,ig) 1.82±0.14 1.58±0.15 
aOA ( 120 μΕ) 1.79+0.15 1.49±0.08 
aCatalase (12 μg + aSOD 12 μg) I.48±0.I4· 1.21+0.09· 
Saline 1.86+0.14 1.53±0.ll 
Seven mice per group were treated intraanicularly with 180 μg of 
zymosan and varying doses of enzyme. At day 3 and 7 after induc­
tion of arthritis " "Tc uptake was measured. 
* Ρ < 0.005 compared with aOA by the one-tailed Mann-Whitney U 
test. 
large difference in 9 9 m Tc uptake was measured, a significant 
difference on the histological level was found. Moderate differ­
ences in ' 9 m T c uptake ratio between the enzyme-treated and 
the control groups did not reveal substantial differences in 
cellular infiltration and exudate. Figs. 6 and 7 illustrate the 
histology of a ZIA 3 d after induction. Mice treated with PLP 
('""Tc
 r a t i o | .25±0.I5, l25I-MSA ratio 1.24±().17) showed less 
cellular exudate in the joint space and infiltration of the 
synovium than animals treated with PLP, ,^ ( " " T c ratio 
l.70±0.34. '2'I-MSA ratio l.9l±0.52). 
Discussion 
The data presented above basically show two distinct phenom­
ena. Firstly, cationized proteins (aSOD, aCatalase. PLP) exhib­
ited excellent retention in articular structures compared with 
the native proteins (SOD, catalase, HRPO). Secondly, appli­
cation of cationic enzymes in experimental joint inflammation 
revealed that two enzymes capable of eliminating peroxides 
(PLP, aCatalase) were able to suppress the inflammatory 
response in two types of experimental arthritis. Suppression of 
'•'i v * 
Figure 6 Section of a mouse knee joint at day 3 of a ZIA treated 
with PLP1MC,. Large numbers of inflammatory cells (mainly neutro­
phils) are visible in the joint space, and the synovial tissue is heavily 
infiltrated (neutrophils and mononuclear cells). Original magnifica­
tion X 100. H&E staining. P, Patella; F, femur; and JS, joint space. 
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Figure 7 Section of a mouse knee joint at day 3 of a ZI A treated 
with PLP. A moderate amount of cellular exudate and infiltrate is 
visible Original magnification X 100, H&t staining. P. Patella; F. 
femur; and JS. joint space. 
arthritis was observed both in the acute and in the chronic 
phase, as measured with '""Tc uptake. 
Recently attention has been focused on electrical charge of 
macromolecules as an important dclcrniinanl for retention. 
Anionic sites on the glomerular basement membrane, articular 
structures, and cell surfaces have been shown to exhibit a 
strong affinity for cationic agents (19. 20. 35). Most of these 
studies are concerned with the retention and handling of 
cationic antigens. Several models using cationized antigens for 
the induction of experimental nephritis or arthritis have been 
described (33. 35. 36). The mechanism of retention is probably 
the interaction with negatively charged proteoglycans which 
are abundantly present in basal membranes and cartilaginous 
structures (and to a lesser extent in all connective tissue). We 
applied the retention potential of cationic proteins to several 
enzymes that are possible candidates for modulation of an 
inflammatory response. We used amidation of enzymes (20. 
21 ) and coupling of a glycoprotein enzyme to a polycation. 
Our data show that these procedures resulted in a prolonged 
half-life of the enzymes in the joint. The native enzymes SOD 
and catalase are known to suppress the inflammatory response 
in several experimental models (12-15). The mechanisms of 
the suppressive action could be direct, by elimination of 
potentially toxic agents as superoxide and hydrogen peroxide. 
or indirect, by prevention of the formation of hydroxyl radicals 
and lipid peroxides. Although several investigators indepen-
dently demonstrated the effects of scavenging enzymes in 
different models of experimental inflammation, other data cast 
some doubt on the general validity of these findings (37. 38). 
One of the serious drawbacks of the application of enzymes 
for systemic or local (e.g.. intraarticular) use is the rapid 
clearance of the enzyme. It is hard to imagine how intramus-
cularly administered SOD (as it is applied clinically) could 
reach an arthritic joint in sufficient amounts to exert an effect. 
The half-life in serum is reported to be 5-7 min (13. 18); in 
addition. SOD is not taken up by cells (13). indicating that 
transportation to the inflammatory focus by macrophages or 
neutrophils is not very likely. SOD coupled to Ficoll (18) has 
been tested in animal models and was found to be far more 
effective than the native enzyme. The half-life in serum was 
thus extended to several houn due to the increased molecular 
weight of the enzyme. In contrast to the data available on the 
application of SOD and catalase in experimental inflammation. 
reports on the effect of peroxidases are scarce. Surprisingly, we 
did not find any beneficial effect of SOD or aSOD in either 
type of inflammation. The cationic derivatives of catalase and 
HRPO were highly effective in two types of experimental 
arthntis. In addition, both in the acute and the chronic phase 
suppression of inflammation was found. In the acute phase of 
arthritis, sometimes a mild effect of the native enzymes was 
observed. We never saw any significant effect of the native 
enzymes after the acute phase. This observation is consistent 
with the retention data which indicate a large discrepancy in 
clearance rate after day 2. Nonenzyme proteins (aOA. aBSA) 
and PLP,nac, did not suppress inflammation. Thus we conclude 
that the observed effect on arthritis was associated with per-
oxidase activity and not with an anomalous behaviour of 
cationic proteins per se. Apart from the surprising result that 
aSOD did not modulate the inflammation at all. it has to be 
noted that the impact of peroxidase and catalase was not 
limited to the acute phase of arthritis. The reported beneficial 
effects of SOD m experimental models are usually confined to 
a specific stage of the inflammatory response. For instance in 
the carrageenan-induced edema, SOD suppresses the "prosta-
glandin phase" of inflammation: it was, therefore, concluded 
that superoxide production potentiated the inflammation be-
cause it was linked with the arachidonic acid metabolism (12). 
Our data indicate that the assessment of the effect of 
peroxidase enzymes depends on the use of the cationic deriv-
atives. The effects of the native enzymes (in the acute phase) 
are too small to be measured, considering the variance inherent 
to experimental models of inflammation. The mechanism by 
which peroxidase or catalase exerted its effect on inflammation 
could be the elimination of hydrogen peroxides or lipid 
peroxides. The physiological function of catalase is its ability 
to prevent high intracellular concentrations of hydrogen per-
oxide. The affinity for-hydrogen peroxide is rather low. and 
the catalytic activity of the enzyme is related to the concentra-
tion of the substrate (39). At low concentrations of hydrogen 
peroxide, catalase exhibited little catalytic activity but peroxi-
datic activity increased. Catalase cannot use organic peroxides 
(39) as a substrate in contrast with true peroxidases. HRPO is 
active as a peroxidase at low concentrations of hydrogen 
peroxide and exhibits a low specificity with respect to oxidizable 
substrates. Hydrogen peroxide is receiving increasingly more 
attention as a mediator of inflammation and tissue damage. It 
has been shown to be far more toxic to cells than superoxide. 
Cultured cells are killed by relatively low concentrations of 
hydrogen peroxide (7-9). and we have recently demonstrated 
suppression of chondrocyte proteoglycan synthesis in intact 
articular cartilage by hydrogen peroxide (10, 11). Recently it 
was shown that extremely low concentrations of hydrogen 
peroxide induce prostaglandin synthesis by endothelial cells 
(9). In view of these data, hydrogen peroxide seems a likely 
candidate to serve as an important substrate for the enzymes 
that we applied. Since lipid peroxides are known to be potent 
chemoattractants, and considering the relatively broad speci-
ficity of peroxidases, it is also conceivable that elimination of 
lipid peroxides accounts for the observed suppression of in-
flammation. Another possible explanation of the peroxidase 
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effects is the observation that peroxides in general (including 
hydrogen peroxide and lipid peroxides) are potent activators 
ofthe enzyme cyclooxygenasc (40) Elevated levels of cycloox 
ygenase activity might also contribute to potentiation of the 
inflammatory response 
The effect of aCatalase and PLP seems to be suppression 
of the effector mechanisms of inflammatory cells rather than 
a suppression of the number of cells since in the en/vme 
treated animals large numbers of neutrophils were present 
This phenomenon has recently been demonstrated in two 
other models of inflammation (41 42) The effects of hydrogen 
peroxide on endothelial cells demonstrated in vitro (9) are in 
accordance with our findings that indicate protection of vascular 
endothelium by aCatalase and PLP since " T c uptake and 
P , I MSA leakage are suggestive for vascular damage 
We believe that the improved retention potential of inflam-, 
mation-modulating enzymes will significantly contribute to 
elucidating certain aspects of the inflammatorv response In 
addition these findings may encourage the study of the clinical 
use of enzymes as antiinflammatory drugs 
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Chapter 4 
fin experimental model for hydrogen peroxide induced tissue 
damage. Effects of a single inflammatory mediator on 
СрвпParticular tissues. 
Joost Schalkuiijk, UJim B. van den Berg, Levinus B. fi. van de 
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nBSTRnCT 
Hydrogen peroxide is receiving increasingly more 
attention as a mediator for tissue darriage during 
inflammation. In order to evaluate its destructive potential 
in vivo, uis devised a model in uihich hydrogen peroxide is, 
initially, the sole mediator for tissue damage. Glucose 
oxidase, uihich uias made cationic to obtain a good retention 
in tissue, uias injected intraarticularly in mouse knee 
Joints. This enzyme produces hydrogen peroxide, using 
endogenous glucose as a substrate. The local production of 
hydrogen peroxide induced drastic vascular damage as measured 
by 9°mTc-uptake and leakage of ^•"I-albumin. The chondrocyte 
proteoglycan synthesis uias severely inhibited as measured by 
3550ц-іпсогрогаііап. Histological examination showed 
impressive inflammatory and degenerative changes including 
periarticular infiltration, chondrocyte death, subchondral 
erosions and muscle necrosis. The vascular effects and 
cartilage damage could be inhibited by intraarticular 
administration of catalase. Systemic administration of 
ebselen, a synthetic glutathion peroxidase-like compound, 
also provided significant protection. Indomethacin and 
Piroxicam uiere not effective in the acute phase. Ue think 
this model is useful both for testing drugs that claim to act 
as scavengers of hydrogen peroxide and for studying chronic 
destructive processes. 
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INTRODUCTION 
Several investigators have emphasized the possible role 
of hydrogen peroxide in inflammatory processes Cl-7). In 
vitro it has been shown that relatively low doses of hydrogen 
peroxide cause damage to various cell types CB-S). There are 
less data on the in vivo effects of hydrogen peroxide СБ-В). 
Ule have recently shown that in experimental arthritis in mice 
some of the inflammatory changes are caused by hydrogen 
peroxide generation CB). For these reasons it is of interest 
to develop drugs which act as scavengers of toxic oxygen 
metabolites.(9) In fact it has recently been suggested that 
some of the established antirheumatic drugs act as scavengers 
of hydrogen peroxide С103. The relative contribution of 
hydrogen peroxide in models of inflammation is usually not 
known or hard to quantify. In the model that we present 
herein, hydrogen peroxide was generated enzymatically in 
mouse knee joints, using cationic glucose oxidase. The 
subsequent edema formation and tissue damage were, at least 
in the initial phase, hydrogen peroxide mediated. Therefore 
it seems a suitable model for studying the effects of drugs 
that claim to eliminate hydrogen peroxide. In addition, we 
think this is an interesting model for studying chronic 
destructive processes secondary to tissue damage. 
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tlñTERIftLS ftND HETHODS 
nnimals Hale C57Black mice, 7-Э шв кз old, шеідМпд 
22-26 gram шеге used. They were Fed a standard diet and tap 
ujater ad libitum. 
Chemicals Glucose oxidase (100-150 U/mg), catalase 
Cthymol-Free, 17,600 U/mg), methylated bovine serum albumine 
CmBSAD, ovalbumine, mannitol and l-ethyl-3 
СЭ-dimethy laminopropy 1 ) carbodnmide CEDO шеге purchased 
From Sigma Chemical Co. CSt.Louis, По). ^"1 CcarnerFree) 
and ^^S-sulFate шеге purchased From Amersham CBucks,England). 
N,N-dimethyl-1,3-propanediamine СОПРп) uias obtained From BDH 
chemicals Ltd. Poole, England). Ebselen шаз a generous giFt 
From Dr. M.J.Parnham Cft. Nattermann & Cíe GmbH, Cologne, FRG. 
Enzume modiFication Glucose oxidase CG0) and catalase 
шеге made cationic using EDC as activator and ОПРА as a 
nucleophile as described previously (11,1H). In this way Free 
carboxyl groups oF the protein are coupled to aminogroups oF 
DnPfi. The IEP oF the protein ujill thus be raised, since 
anionic groups are eliminated and cationic groups are 
introduced by DHPA • UJe mill refer to this procedure as 
"amidation" oF the protein CaGO - amidated glucose oxidase 
and aCatalase " amidated catalase). 
tleasurement oF loint edema In order to quantiFy Joint 
edema uie used an adaptation oF the 
""•Technetium-pertechnetate C 9 9 mTc) uptake С13) as described 
previously (14,15). BneFly, mice шеге injected uuith 10 pCi 
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а э т
Тс and sedated ωlth chloral hydrate. After 30 minutes the 
amount of radioactivity in the right and left knee Joint was 
assessed by measuring the y-radiation, uiith the knee in a 
fixed position, using a collimated Nal-scintillation crystal. 
Joint suielling urns scored as the ratio of the °°mTc uptake in 
the right CR) and left CD knee Joint. R/L-ratio's > 1.10 
ш гв taken to indicate significant edema of the right knee 
joint. 
Quantification of vascular nsrmeabilitu Uascular 
permeability mas quantitated by the degree of extravasation 
of l^I-labeled murine serum albumine CMSft). This method is 
similar to assays that have proved to be useful in lung and 
dermal inflammation (16,173. :1-25I-labeled murine serum 
albumin (MSA) uias injected intravenously СЧ ¡JCI per mouse) 
and after 1 hour the accumulation of radiolabel in the 
kneejoints uas measured, using the device described for 
a9mTc-measurement. The ratio of the measured radioactivity in 
the right (treated) and left (control) kneejomt tuas taken as 
a measure for the plasma exudation 
Histoloou Mice швге killed by aether anaesthesia. The 
knee joints mere dissected and processed for histology as 
previously described (IB). Total knee sections (6 pm) mere 
prepared, mounted on gelatin-coated slides and stained with 
hematoxyline and eosine (HSE). Cartilage damage utas scored on 
the patellar cartilage of serial sections using a 4-point 
scale. O-no chondrocyte damage, +"chondrocytBS uiith pycnotic 
nuclei visible, ++~ chondrocyte death visible as empty 
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lacunae, less than 50 \ of the patellar chondrocytes 
affected, +++- more than 50 \ of the patellar chondrocytes 
are lost. 
ftssau of chondrocute proteoalucan sunthesis 
Chondrocyte proteoglycan synthesis was measured by 
•"SOtj-incorporation as described previously CS, 19,20). 
Briefly, murine patellae uiith surrounding tissue Cleaving the 
cartilage intact) uiere pulsed for 2 hours with 20 JJCI 
35S-sulfate per ml in RPni-1640. After ujashing, fixation and 
decalcification the patellae mere punched out of the 
adjacent connective tissue. The 35S-content of the patellae, 
which is exclusively associated uiith the cartilage 
glycosaminoglycans C20), uias measured by liquid scintillation 
counting. 
Experimental design Usually 5-7 mice per group uere 
used. Пісв ш гв injected with Б ul of varying doses aGGD in 
sterile saline. °°mTc-uptakB uias measured at different 
intervals and the knee Joints mere dissected for histology. 
UJhen the effect of aCatalase uias tested, a cationic 
non-enzyme protein uias used as a control. UJhen the effect of 
ebselen, indomethacin or Piroxicam utas tested, these 
compounds uiere given orally during the experiment Cdaily), 
starting one day prior to the injection of aEO. Тшееп BO C4 
mg/ml)and carboxymethylcellulose CS mg/ml) in saline uias used 
as a vehicle for the drugs. 
Statistics The quantitation of joint damage uiith 
°°
mTc-uptake or l"*-riSA leakage uias evaluated statistically 
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using the one-tailed Mann-Ulhitney U-test CR/L-ratios not 
normally distributed), 35S0i±-incorporation in patellar 
cartilage tuas evaluated using the paired, one-tailed Student 
t-test. 
RESULTS 
EFFECTS OF аБО. UASCULAR DAflAGE AND HISTDLQGICftL LESIONS 
The enzyme glucose oxidase uias made cationic С isoelectric 
point В-Э) to obtain a good retention in articular tissues. 
UJe have shauun before CB.IS) that cationic proteins have a 
prolonged retention in the Joint. Cationization did not 
affect the enzymatic activity Cthe oxidation of glucose to 
gluconic acid and hydrogen peroxide). The enzyme is not 
inhibited by plasma components, hence it can in vivo utilize 
the endogenous glucose as a substrate. UJhen injected in mouse 
knee joints a vigourous reaction uas observed in a dose range 
from 1 to 30 ug of enzyme. The native enzyme also induced 
tissue damage when injected intraarticularly. Ноше вг, 
because of the poor retention, larger amounts шег needed and 
more systemic effects mere observed. For these reasons the 
cationic derivative of GO CaGO) was used throughout the 
experiments. Inactivated aGD did not induce tissue damage. 
Table 1 shows a dose-response effect of aGO on 99mTc-uptakB. 
The high doses of aGO showed, apart from the strongly 
increased зэ,,,Тс-иріак , macroscopically suiollen Joints. The 
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Table 1 Effects of varying doses of aGG on 33mTc-uptake. 
Dose of aGQ Cjjg) 99mTc-ratio 
day S day 7 
0 1.03+0.05 1.05+0.04 
1 1.40 + O.OB 1.EO + 0.04 
10 1.75 + 0.06 1.40 + о.іг 
30 5.43 + 0.12 1.70 + Ο.ΐβ 
Б mice per group шеге injected intraarticularly uiith aGQ in 
sterile saline at day 0. Uarumg the dose of aGG caused 
significant differences in 9°mTc-uptake at day 2 and 7. 
P<0.01, analysis of variance on log-transformed data. 
Table ε Time course of aGQ induced tissus damage. 
99mTc-ratio Cartilage-
damage 
day 1 Ξ.05 + 0.17 + 
day 4 1.96 + 0.19 + 
day 7 1.91 + 0.10 ++ 
day 14 1.53 + 0.24 n.d. 
day 2B 1.31 + 0.10 +++ 
5 mice per group шеге injected intraarticularly at day 0 uiith 
30 μg of aGQ. Histology uas examined at several intervals. 
n.d. not done. 
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elevated 9amTc-uptake is taken as a quantitative measure for 
joint suelling and increased Joint perfusion. The 
9 9 m j
c
_
r a t l o g o f t h e high dose groups are comparable to those 
seen in the acute phase of a severe antigen-induced arthritis 
CIS). In addition to the 99mTc-uptake measurement as a 
parameter for vascular changes, ше measured the exudation of 
plasma proteins as a result of aGO treatment. At dag В after 
injection of 10 ug aGO the ratio for uptake of I-albumin 
was 1.76 + 0.10. The ratio for the untreated mice urns 1.05 + 
0.04. 
Figures 1-4 and table 2 shoui some of the 
histological changes of the Joints from day 1 to day 2B after 
the injection of a high dose of aGO СЭ0 jjg). Already at day 1 
there are histological changes. Synovial cells and cells in 
the ligaments are reduced in number and the remaining ones 
shoty pycnotic nuclei. A small amount of periarticular 
infiltrate Cneutrophils) is visible outside the Joint 
capsule. The chondrocytes are still present but many of them 
shoui pycnotic nuclei. At day 4 there are impressive 
histological lesions. Dead chondrocytes are visible as empty 
lacunae or desintegrated nuclei. Periarticular lesions are 
developing: the structure of the joint capsule, muscles and 
the ligaments is deteriorated and inflammatory cells are 
abundantly present Cfig. 1). 
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F i g u r e 1 
H&E staining of joint 
section at day 4 after 
intraarticular injection 
of aGO, shouiing 
periarticular infiltrate, 
exudate and damage to 
cartilage and ligament. 
P-patella, F-femur, 
JS"joint space, L-lateral 
ligament. Original 
magnification 100 χ 
At day 7 cartilage damage is visible as dead cells. The 
matrix surrounding the remaining, intact chondrocytes, shows 
proteoglycan depletion as shown by saffranin 0 staining Cfig. 
S-Э). The synovium and the capsule show thickening as a 
result of extensive fibroblast proliferation, 
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Figure В 
Saffranin Q staining of 
normal patellar cartilage, 
C-cartilage. Original 
magnification 250 χ 
Figure 3 
Saffranin 0 staining of 
patellar cartilage at day 
7 after injection of aBO. 
Most of the chondrocytes 
in this section are still 
intact but significant 
proteoglycan depletion is 
visible. C-cartilage. 
Original magnification 
550x. 
ftt day SB thickening of synovium and capsule is still visible 
and subchondral erosions are clearly present Cfig.l). 
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Gsteophyte formation is seen occasionally. Table Ξ summarizes 
the time course of 9°mTc-uptakB and cartilage damage. 
EFFECTS ON CARTILftBE PROTEOGLYCAN SYNTHESIS A high 
dose of aGO caused chondrocyte death and irreversible 
cartilage damage as shown above. The effect of a moderate 
dose of aGO on chondrocyte proteoglycan synthesis was 
assessed with -"SOn-incorporation in vitro using patellar 
cartilage. At day 5 after injection of aGD CIO and 1 ^ ig) the 
patellae were dissected and proteoglycan synthesis was 
measured. Table 3 shows that a considerable inhibition of 
•"SOn-uptake was measured two days after injection of 10 pg 
of aGD. 
JÇ£V'r,.V.l 
* ' . * • 
'ívrf · F щ '· - '. 
Figure 4 
H&E staining of joint 
section at day SB after 
injection of aGD showing 
severe cartilage damage, 
synovial hyperplasia and 
subchondral erosions 
Carrows). P-patella, 
F-femur, JS-joint space. 
nODULATION OF aGO INDUCED TISSUE DAflAGE In order to 
assess the application of the model for drug screening, we 
tested compounds that have antiinflammatory properties by 
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Table 3 Inhibition of chondrocyte proteoglycan synthesis. 
Treatment ^S-sulfate incorporation 
* 10 pg аБО 50 + 17 
1 μβ абО ВЭ + 1Эе 
salme ЭВ + 14 
5 mice per group were injected Cright knee) with aGO in 
saline. At day S the animals uiere sacrificed and the 
•"S04-incorporatiDn in patellar cartilage шаз measured in 
vitro. Incorporation is given as a percentage of the 
incorporation in the contralateral patella + s.d. 
* P<0.005 , S P<0.05 
Table 4 Modulation of аБО induced arthritis. 
Treatment 9 9 mTc-ratio 
day 2 day 4 
aOvalbumin 15 jjg 1.9Ξ + O.OB 1.45 + 0.06 
aCatalase 15 jjg 1.11 + O.OB * 1.04 + O.OB 
drug vehicle 1.94 + 0.11 1.51 + 0.07 
ebselen 50 mg/kg 1.30 + 0.07 @ 1.11 + 0.05 @ 
indomethacin 10 mg/kg 1.B4 + 0.14 1.ЭВ + 0.11 
Piroxicam 10 mg/kg 1.96 + 0.13 1.39 + 0.04 
S 
S 
7 mice per group received 10 ug аБО intraarticularly. 
aCatalase or aOvalbumin, which served as a control, uiere 
given together mith aBD. The other drugs шеге given orally. 
The value for °°mTc-uptake in untreated control animals is 
usually in the range of 1.00 to 1.1Q, as shoum in table 1. 
P<0.005, compared to aOvalbumin. e P<0.005, compared to 
drug vehicle. 
s
 P<0.05, compared to drug vehicle. 
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virtue of their capacity to eliminate hydrogen peroxide. 
Cationic catalase CaCatalase), which uie have recently 
described С ), шаз injected intraarticularly together with 
a60. 99mTc-uptake uas measured at various intervals. In 
addition, histology of day 4 шаз studied. Table 4 shows that 
injection of aCatalase abolished the effect of aGO. Histology 
shouied total protection of the cartilage against hydrogen 
peroxide induced damage. Ebselen, a synthetic loui molecular 
compound ujith gluthathion peroxidase-like properties (51), 
and tura nonsteroidal antiinflammatory drugs Cindomethacin and 
Piroxicam) шеге also tested in the aGO model. In contrast to 
aCatalase these drugs шеге given orally. Table 4 shows that 
ebselen significantly suppressed the aGO-induced change in 
^""Tc-uptake both at day 2 and 4. Indomethacin and Piroxicam, 
two NSAIDs that do not degrade hydrogen peroxide but 
presumably act by inhibiting prostaglandin synthesis, did not 
suppress aGO-induced vascular damage at day В but showed a 
mild effect at day 4. Table 5 shows the effects of 
hydroxyl-radical scavengers on aGO induced arthritis. In 
theory, the lesions could result from hydroxy 1 radical 
formation via hydrogen peroxide reacting with ionic iron. 
However, no effect mas seen with dimethylsulfoxide (DtlSO) or 
mannitol, suggesting that the observed lesions are caused by 
hydrogen peroxide itself. 
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Table 5 Effect of hydroxyl radical scavengers on aBG 
arthritis. 
Treatment 99,,,Tc-ratio 
day S day 4 
saline 1.Э5 +0.1B 1.ЭЭ + 0.09 
DIISG 1 gr/kg 1.ЭЭ + 0.15 NS 1.42 + 0.1B NS 
manmtol 1 gr/kg 1.B3 + 0.1B NS 1.44 + 0.13 NS 
6 mice per group received 10 /Jg aGO intraarticularly. DHSO, 
manmtol or saline шеге given daily, intrapentoneally, 
starting six hours before the injection of aGG. 
No significant differences in °°mTc-uptake шеге measured. 
DISCUBSIGN 
Ше have shoum that hydrogen peroxide, enzymatically 
generated in the joint, can cause drastic tissue damage, as 
demonstrated mith histology, measurement of vascular 
permeability and inhibition of chondrocyte proteoglycan 
synthesis. Ulhen a high dose of glucose oxidase um s injected, 
a chronic destructive process developed, leading to severe 
irreversible joint destruction mithin 4 uieeks. The increase 
of °°mTc-uptake and chondrocyte damage could be inhibited in 
the early phase by catalase and ebselen, tura compounds that 
scavenge hydrogen peroxide. Conventional NSñIDs шеге not 
effective at day 2 but shamed a slight effect thereafter. 
Hydroxyl radical scavengers шеге not effective. 
Ше think this is an interesting model in tuo uays. In 
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the acute phase, when the lesions are dependent on hydrogen 
peroxide generation, it represents an ideal model for testing 
antiinflammatory drugs that are supposed to act by scavenging 
hydrogen peroxide in vivo. Screening procedures are easily 
performed since a small animal is used; in addition, 
33m-j-
c
_L|pta|<e an(j 353Q i^_ l r l c o rp D r a t i o n a r e rapici procedures. In 
the late phase a chronic inflammatory process develops, 
leading to severe erosions. In this phase the lesions are not 
directly dependent on hydrogen peroxide generation since the 
amount of aGO ujhich is retained is minute. The processes in 
this phase are therefore secondary to the initial lesion. In 
this phase it seems a suitable model for investigating the 
modulation of chronic destructive processes, e.g. by drugs or 
immobilization. 
Previous studies in our laboratory have indicated that 
hydrogen peroxide is an inflammatory mediator uiith highly 
destructive properties. Us shoued that hydrogen peroxide 
suppresses chondrocyte proteoglycan synthesis C m vitro) C5) 
and causes vascular damage in two models of experimental 
arthritis CB). Hydrogen peroxide has been shouin to affect 
various cell types in vitro at Іош concentrations. 
Endothelial cells produce prostaglandin Eg when triggered by 
hydrogen peroxide CO. This phenomenon probably does not 
account for the observed vascular effects in the acute phase 
of the aGO model, since uie did not find a clear effect of 
indomethacin or Piroxicam, compared to aCatalase and ebselen. 
99mTc-uptakB and 125I-albumin leakage, indicating 
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vasodilatation and plasma exudation are, therefore, probably 
caused by a direct effect of hydrogen peroxide on vascular 
endothelium. 
Since there is good experimental evidence for the 
involvement of hydrogen peroxide in inflammatory processes, 
it is of interest to develop drugs that can scavenge this 
toxic compound. The levels of scavenging enzymes are lotu in 
body fluids.- catalase and peroxidases are located 
intracellularly. Application of these enzymes could be of 
therapeutic value, although the necessity of intraarticular 
injection puts a constraint on this approach. It ujould, 
therefore, be desirable to develop loui molecular weight drugs 
uiith catalase- or peroxidase-like properties. Ule tested a 
drug that was recently developed (ebselen) and catalyzes, in 
vitro, the decomposition of hydrogen peroxide, using 
gluthathion as a substrate CED. The results in the aGD model 
suggest that ebselen is also in vivo capable of scavenging 
hydrogen peroxide. It has been suggested that some of the 
conventional antirheumatic drugs may act as scavengers of 
hydrogen peroxide. D-pemcillamin for instance, can act in 
vitro as such C10D. The aGQ model is in the initial phase 
clearly dependent on hydrogen peroxide generation since at 
day £ aCatalase and ebselen are effective, fìt day 4 there is 
a small effect of indomethacin and Piroxicam, indicating that 
also other processes are involved at this time. 
In addition to the application of this model in the 
acute, hydrogen peroxide dependent phase, this model is also 
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interesting for studying chronic degenerative processes. 
Since the amount of aGO declines rapidly, the effects in the 
chronic phase must probably be ascribed to the tissue damage 
caused by hydrogen peroxide generation in the acute phase. In 
this respect there is a similarity to the lodoacetate model 
in guinea pigs CBB). This treatment is toxic to cartilage and 
subsequently leads to certain features typical for 
osteoarthritis such as thinning and erosion of articular 
cartilage, and formation of osteophytes, flodels using lateral 
memsBctomy or section of the cruciate ligaments also shoiu 
these morphologic changes. The aGO model is, however, 
different from these models because the initial stimulus is 
an inflammatory mediator. Histologically, inflammatory 
changes are visible in the aGO model uhereas in the models 
mentioned above there is hardly any inflammation present. 
In conclusion, ив think this is a useful model for 
arthritis research both for pharmacological and 
experimental-pathological purposes. 
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Chapter 5 
ELASTASE SECRETED BY ACTIVATED POLYHORPHONUCLEAR LEUKOCYTES 
IN UITRD CAUSES CHONDROCYTE DAMAGE AND MATRIX DEGRADATION IN 
INTACT ARTICULAR CARTILAGE. 
Escape from alpha-l-protemase inhibitor and localization in 
cartilage. 
Joost Schalkuiijk, Wim В. van den Berg, Levinus B. A. van de 
Putte and Leo A. B. Joosten 
Submitted for publication. 
A b b r e v i a t i o n s used i n t h i s c h a p t e r : 
P U N : p o l y m o r p h o n u c l e a r l e u k o c y t e s 
P r i f t : p h o r b o l my r i s t a t e a c e t a t e 
FtlLP : Formy 1 - m e t h i o n y l - l e u c y 1 - p h e n y l a l a n i n e 
C a - i o n o p h o r e : C a l c i u m l o n o p h o r e fi 231B7 
C y t - B : c y t o c h a l a s i n e В 
ot^-Pl : a l p h a - 1 - p r o t e i n a s e i n h i b i t o r 
PtlSF : pheny I m e t h y l s u l f o n y l f l u o n d e 
f l f i A P U - f i n C : m e t h o x y s u c c i n y l - a l a n y l - a l a n y l - p r o l y l - v a l y l 
7 - a m i d o - L l ; - m e t h y l c o u m a r i n 
r i f i f i P U - C n K : m e t h o x y s u c c i n y l - a l a n y l - a l a n y l - p r o l y l - v a l y l 
c h l o r o m e t h y 1 k e t o n e 
5 Q D : s u p e r o x i d e d i s m u t a s e 
D f i B : d i a m i n o b e n z i d i n e 
C T f i B : c e t y I t r i m e t h y l a m m o n i u m b r o m i d e 
HfiE: h e m a t o x y l i n and e o s i n 
78 
ñBSTRPCT 
Anatomically intact, murine patellar cartilage uas 
exposed to human polymorphonuclear leukocytes СРПМ) 
stimulated with phorbol mynstate acetate, 
formyl-methionyl-leucyl-phenylalanine or Ca-ionophore 
ft-231B7. This resulted in an inhibition of chondrocyte 
proteoglycan synthesis and breakdown of cartilage matrix 
proteoglycans. These effects could not be inhibited by 
catalase or superoxide dismutase. ft serine protease inhibitor 
and a specific elastase inhibitor prevented both proteoglycan 
degradation and chondrocyte damage, indicating that elastase 
is the causative agent. It was shown that elastase shed by 
ΡΠΝ in close contact with the articular cartilage can escape 
inactivation by alpha-1 proteinase inhibitor, even at high 
concentrations. Immunohistochemistry showed that elastase, 
secreted by ΡΠΝ, localizes in cartilage, near the 
chondrocytes. Thus, within this test system which approaches 
physiologic conditions (using intact target tissue, activated 
PUN, physiologic pH and ionic strength and a high 
concentration of alpha-1 proteinase inhibitor), we found no 
evidence for cartilage damage as a result of toxic oxygen 
metabolites or enzymes other than elastase. Ule would 
hypothesize that elastase due to its dual action Cmatrix 
breakdown and chondrocyte damage) and its apparent affinity 
for chondrocytes, is a major contributor to enzymatic 
cartilage destruction in inflammatory disorders. 
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INTRODUCII DN 
Lysosomal proteases secreted by activated 
polymorphonuclear leukocytes CPtlND and macrophages С 1,25 have 
been strongly implied in the pathologic degradation of 
tissues in various disorders, including lung emphysema C3-S5 
and chronic arthritis СБ-В5. The role of proteases in 
cartilage breakdoun m vivo has been questioned since there 
is an excess of protease inhibitors present in synovial fluid 
CB,10,115. It has been shoiun that elastase in Joint fluids is 
totally complexed with alpha-1 proteinase inhibitor (o^-PO. 
ΡΠΝ elastase has been demonstrated in cartilage from 
rheumatic joints СЭ5 . This is, houiever, no definite proof for 
the involvement of elastase in the breakdoun of cartilage. 
Other circumstantial evidence for a role of PfIN proteases is 
derived from in vitro data on the breakdoun of proteoglycans 
by these enzymes. It has been demonstrated that purified 
elastase and cathepsin-G can degrade cartilage proteoglycans 
C7,12,135. These enzymes have been tested on isolated 
proteoglycans C125, sliced articular cartilage C7,135 or 
cartilage of non-articular origin CB5. In this study me show 
that minute quantities of elastase secreted by activated 
human ΡΠΝ under physiologic conditions not only degrade 
matrix proteoglycan but also cause inhibition of proteoglycan 
biosynthesis. The latter phenomenon might contribute 
significantly to cartilage destruction as seen in chronic 
inflammation. Both cartilage degradation and inhibition of 
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chondrocyte function uiere studied using fully intact 
articular cartilage. Ue shoui, furthermore, that slastase has 
a high affinity for cartilage, analogous to other cationic 
proteins as шв have recently demonstrated C14,15). 
Immunohistochemistry demonstrates that elastase 
preferentially localizes in the superficial cartilage layer 
and near the chondrocytes. Elastase secreted close to the 
cartilage surface readily escapes inactivation by 
tfj-proteinase inhibitor C^l-PI), even mhen the latter is 
present at high concentrations. 
riPlTERIftLS & Г1ЕТН005 
ftnimals dale C57B1 mice, Б-10 шеекз old, 20-SB gr ш ге 
used. 
Chemicals Dextran 150 and Ficoll-Paque ш г obtained 
from Pharmacia, Uppsala, Siueden. Phorhol mynstate acetate 
СРПпЗ, formyl-methionyl-leucyl-phenylalanine CFMLP), 
Ga-ionophore 23187, cytochalasine B, superoxide dismutase 
CS.BOO U/mg), catalase C17,Б00 U/mg), 
phenylmethylsulfonylfluonde CPtlSF), cytochrome С Ctype IU), 
«^ l-PI Cpartially purified, approximately 50 Ъ active 
inhibitor), diamma benzidine hydrochloride CDAB) and 
hydrogen peroxide шеге obtained from Sigma Chemical Co., St. 
Louis, Mo. dethoxysuccinyl alanyl-alanyl-prolyl-valyl 
7-amido-4-methylcoumarin CnfiAPU-ftflC) шаз obtained from 
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Bachern, Bubendorf, Switzerland. tlethoxysuccinyl 
alanyl-alanyl-prolyl-valyl chloromethyIketone СПААРи-СПЮ was 
obtained from Enzyme Systems, Livermore, Ca. -"S-sulfate шаз 
purchased from ñmersham, Bucks, England. Rabbit anti human 
PMN-elastase serum was a generous gift From Dr. J. Kramps, 
dept. Lung diseases University of Leiden. 
ΡΠΝ isolation ΡΠΝ were isolated from blood of healthy 
volunteers. After dextrane sedimentation PUNs were separated 
from mononuclear cells on Ficoll-Paque. The isolation 
procedure yielded > 95 \ pure ΡΠΝ. The cells were suspended 
in Dulbecco's phosphate buffered saline with W glucose 
CDulbecco's). 
Elastase measurement Elastase was measured 
Fluonmetrically using nnAPU-fiCIC as a substrate according to 
Castillo et al. (IB) Release of elastase was expressed as a 
percentage of a sonicated cell lysate in 0.4 \ 
cetyItrimethylammoniumbromide (СТАВЭ and 1 И NaCl. 
Superoxide production Superoxide was measured according 
to Babior et al.Cl?) 
ftssau of chondrocute proteoalucan sunthesis Chondrocyte 
proteoglycan synthesis was measured by •"SGLj-incorporation as 
described previously СІ Д Э ) . Briefly, murine patellae with 
surrounding tissue Cleaving the cartilage intact) were pulsed 
for 2 hours with 20 uCi 35S-sulfatB per ml in RPni-1640. 
After washing, fixation and decalcification the patellae 
were punched out of the adjacent connective tissue. The 
3
^S-content of the patellae, which is exclusively associated 
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uiith the cartilage glgcosaminoglgcans С1Э), ums measured by 
liquid scintillation counting. 
nssau of cartilage breakdoum tlurine patellae шеге 
labeled as described above and exposed to activated or 
resting PHN. After uashing the patellae were kept in organ 
culture for 5 hours and the ^S-content uias measured as 
described. 
ΡΠΝ-cartilane incubations Generally, purified PUN шеге 
suspended in Dulbecco's and added to the tissue samples in 
microtiter plates CI patella per meli). In some experiments 
the PMN шеге subsequently pelleted on the cartilage by gentle 
centnfugation, to obtain a close contact between PfIN and 
cartilage. Then the stimulus шаз added to the cells and the 
plate шаз incubated for 15 minutes at 37° C. Subsequently, 
the patellae шеге mashed thoroughly to remove adhering cells 
and used for measurement of proteoglycan synthesis or 
proteoglycan degradation as described above. 
Immunohistochernistru Patellae exposed to activated and 
resting PdNs шеге mashed, fixed in methanol and snapfrozen in 
liquid nitrogen. Cryostat sections of undecalcifled tissue 
шеге obtained as previously described (20) . The sections шеге 
Incubated uiith antiserum Crabbit anti PMN-elastase) and 
conjugate (peroxidase conjugated goat anti rabbit-IgG) and 
stained uiith DfiB and HgOg· 
Histoloau and autoradionraahu Tissue specimens шеге 
processed for histology and autoradiography as described (51) 
and stained with hematoxylin and eosin (H&E). 
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RESULTS 
Effects of stimulated human PUN on proteoalucan 
biosunthesis and degradation of articular cartilage. 
Purified human PUN С5*10Б per ml) were incubated uiith uihole 
murine patellae and stimulated ujith various agents. Table 1 
shows that PMN stimulated with FMLP in the presence of 
cytochalasin В induces considerable suppression of the 
subsequent ^S-sulfate incorporation. FMLP ujithout 
cytochalasin В or resting cells did not induce this effect. 
PMA-stimulated ΡΠΝ also induce suppression of proteoglycan 
synthesis, although to a lesser extent. The observed 
suppression could not be inhibited by superoxide dismutase or 
catalase. The specific elastase inhibitor ИпАУР-СПК, houiever, 
was highly effective and shoued, when present during FflLP 
stimulation of ΡΠΝ, a total block of the suppressive effect. 
The same results шеге found uihen РПА uas used as a stimulus 
Cdata not shown). FflLP, РИА,cytochalasin В and ПААРи-СМК 
alone did not inhibit chondrocyte proteoglycan synthesis. 
riAftPU-CriK did not interfere with enzyme release by ΡΠΝ as 
measured by the release of ^—glucuronidase, or uiith 
superoxide production Cdata not shown). The observed decrease 
of 35S-sulfate incorporation is not due to elastase mediated 
breakdouin of freshly synthesized proteoglycans, since 
addition of MAAPU-CIIK Ciuhich totally inactivates the secreted 
elastase) after PDN-stimulation but before 35S-incorpDration, 
still results in a severe inhibition of proteoglycan 
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Table 1 Effect of activated ΡΠΝ on chondrocyte proteoglycan 
synthesis. 
Treatment of 
patellae Stimulus Inhibitor 
•"s- incorporât ion 
C5i + SD3 
PtIN 
PMN 
ΡΠΝ 
Dulbecco' 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
pnft 
FHLP + cyt-B 
FHLP + cyt-B 
FnLP + cyt-B 
FnLP + cyt-B 
FHLP + cyt-B 
ПААРи-СПК during 
stimulation 
HñAPU-DIK after 
stimulation 
catalase 
SDD 
61 + 10 
33 + 14 B 
9Б + 25 
100 + 15 
ЭВ + 22 
42 + Э S 
40 + 13 NS 
43 + 12 NS 
Б patellae per group шегв incubated ujith ΡΠΝ C5*10 /ml, in 
suspension) for 15 m m in microtiterplates, шазЬеа and kept 
in organ culture for -"S-sulfate incorporation. The various 
stimuli, scavengers and inhibitors did not interfere with 
chondrocyte proteoglycan synthesis. The -"S-incorparation in 
untreated patellae Ckept in Dulbecco's during the experiment) 
ums taken as a 100 >. value. Pílñ ums used at 100 ng/ml, FHLP 
at 10~° И in the presence of 10 jjg/ml cytochalasin B, 
ПАйиР-СПК at 100 иП, catalase at 1000 U/ml and SOD at 500 
y/ml. 
P<0.005 compared to non-stimulated cells. 
B
 P<0.0005 compared to non-stimulated cells. 
1
 P<0.0005 compared to nnflUP-СИК added during stimulation. 
NS-not significant compared to controls uiithout scavenging 
enzymes. 
One-tailed Student t-test. 
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synthesis. Inactivation oF elastase is a crucial step in this 
experiment, to prove that there Is is a true inhibition of 
synthesis and not merely degradation of proteoglycans. 
ΓΙήήΡυ-СПК is able to inactivate elastase that has entered the 
cartilage, because It is a small molecule. This in contrast 
to physiologic inhibitors that cannot penetrate in cartilage. 
To study the effect of activated PUN on proteoglycan 
degradation, ΡΠΝ шеге incubated uiith patellae Cprelabeled 
uiith -"S-sulfate), and stimulated with various agents for 15 
minutes. The patellae were subsequently washed, kept in organ 
culture for Ξ hours and processed for liquid scintillation 
counting. Table 2 shoius that ΡΠΝ stimulated with Ca-ionophore 
or ΡΠή caused a significant loss of 3 5 S from the cartilage 
after Ξ hours in tissue culture. ΓΠΙ_Ρ only causeÜ cartilage 
degradation in the presence of cytochalasin-B. Non-stimulated 
PMN did not cause measurable loss of 3 5S from the patellar 
cartilage. These quantitative data were in agreement with 
autoradiographic data. Figs 1-Е show that also histologically 
extensive loss of -"S-sulfate is visible after exposure of 
prelabeled patellae to activated PMN. 
Again it was found that catalase or superoxide dismutase 
did not prevent the observed effect. The senneprotease 
inhibitor PnSF and the specific elastase inhibitor nAñUP-CMK 
inhibited cartilage degradation when added directly after 
treatment with activated ΡΠΝ. LJhen nnñPU-СПК was present 
during ΡΠΝ stimulation, a total inhibition of cartilage 
breakdown was seen. PM5F could not be tested this way because 
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Table S Breakdoun of cartilage proteoglycans by activated 
ΡΠΝ 
Trea 
pate 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
tment of 
Пае 
Dulbecco's 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ 
ΡΠΝ, 
cart 
dead 
liage 
Stimulus 
РИА 
Ca-ionophore 
FnLP + cyt-B 
-
-
Ca-ionophore 
Ca-ionophore 
Ca-ionophore 
Ca-ionophore 
Ca-ionophore 
Ca-ionophore 
35S-content of 
Inhibitor patellar cartilage 
Ci + SD) 
-
-
-
-
-
ΠηηυΡ-СПК after 
stimulation 
ПААиР-СПК during 
stimulation 
PHSF 
catalase 
SOD 
-
55 
2B 
34 
S7 
100 
70 
97 
71 
33 
31 
ΞΒ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
1 5 * 
э
 e 
в
 e 
ΞΒ 
17 
27 * 
ΞΒ
 & 
EB * 
10 NS 
В NS 
13 NS 
Б patellae per group uiere used, prelabeled with -"S-sulf ate. 
ΡΠΝ C5*10°/ml) in suspension were incubated with the 
cartilage m microtiter plates for 15 minutes. After uashing, 
the patellae шеге kept in organ culture for S hours and the 
S-content uias measured as described. Ca-ionophore шаз used 
at 10~^ Π and PnSF at 1 тП. The other compounds шеге used in 
concentrations mentioned in table 1. The stimuli, scavengers 
and enzyme inhibitors did not cause -"S-release by 
themselves. PHSF could not be used during ΡΠΝ stimulation 
because it interferes with ΡΠΝ enzyme release and superoxide 
production. The ^S-content of untreated patellae Ckept in 
buffer) was used as the 100 ^ value: no significant loss of 
•DC β 
J 3S uias observed in these patellae during 2 hours in organ 
culture. The last group of patellae was treated with liquid 
nitrogen to kill the chondrocytes. 
* P<0.005 compared to non-stimulated ΡΠΝ. e P<0.0005 
compared to non-stimulated ΡΠΝ. s P<0.005 compared to control 
without inhibitor. 8 P<0.0005 compared to control without 
inhibitor. NS-not significant compared to control without 
scavenging enzymes. One-tailed Student t-test. 
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it Interferes UJith ΡΠΝ stimulation. Table Ξ only shows the 
effects on Ca-ionophore stimulated ΡΠΝ; similar results mere 
obtained uiith the other stimuli. The loss of cartilage 
proteoglycan could result either from a direct effect of the 
PtIN or from a stimulation of the living chondrocyte to 
degrade its ouin matrix. To exclude this, UJB used cartilage 
that had been frozen in liquid nitrogen to kill the 
chondrocytes. Table Ξ shows that the PUN mediated cartilage 
degradation is not dependent on activation of the chondrocyte 
itself. Killing the chondrocytes does not inhibit the 
observed effects. 
Additional evidence for the role of degradative enzymes 
rather than oxygen metabolites in cartilage damage is derived 
from table 3 which shows the amounts of elastase and 
superoxide that are released by various stimuli. Only when a 
stimulus provokes elastase release an effect on cartilage is 
seen. No correlation with superoxide production was found. 
Ca-ionophore shows little superoxide production and 
considerable cartilage damage. Pílñ is a potent stimulus for 
superoxide production and a relatively weak stimulus for 
enzyme release. 
Effect of cell ttens^ tq on cartilage breakdown 
Prelabeled patellae were exposed to various cell 
concentrations and Ca-irmophore. Table 4 shows that 
relatively low concentrations of activated cells CICP/ml) 
will induce considerable proteoglycan breakdown. 
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Table 3 ΡΠΝ elastase release and superoxide production 
induced by various stimuli. 
Stimulus Superoxide production Elastase release 
Cnmol/min/10B ΡΠΝ) С* of cell content) 
РПА 
C a - i o n o p h o r e 
FflLP + c g t - B 
FMLP 
n o s t i m u l u s 
1.B + 0 . Э 
0 . 4 + 0 . 1 
1 . 0 + 0 . 1 
0 . 4 + 0 . 1 
0 . 1 + 0 . 1 
1 0 + 4 
35 + ie 
3 0 + 10 
4 + 3 
4 + Ξ 
ΡΠΝ шеге stimulated uith various compounds: 100 ng/ml РПА, 
10 _ Б Π Ca-ionophore, 10~B Π FHLP and 10 pg/ml cyt-B. 
Superoxide production was calculated as the superoxide 
dismutase inhibitable cytochrome-c reduction over a 15 m m 
period. Elastase secretion was measured fluorimetrically as 
the percentage release from the total cell content in 15 min 
С10Б ΡΠΝ/ml). 
Effect of cell-substrate contact: effect of ^y-Pl. To 
investigate the effect of a close contact between the 
cartilage and the activated neutrophils, the cells were 
pelleted on the patellae by gentle sedimentation C5 min, 100 
g) and subsequently stimulated with Ca-ionophore Ctable 5). 
Lue also tested whether this close contact between cells and 
substrate would allow the protease to escape from complexmg 
with о(^-РІ. Table 5 shows that pelleting the cells on the 
cartilage does not induce more damage per se. οί-^-ΈΊ is more 
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effective in preventing cartilage damage with cells In 
suspension than with pelleted cells. In the presence of a 
high concentration of oC^ -Pl C1.S5 mg/ml of active inhibitor) 
there is still a significant degradative effect of released 
elastase, when ΡΠΝ are in close contact with cartilage C47 % 
release of -"S-labeled proteoglycans) . Idhen ΡΠΝ are 
suspended, o<^ -pi is rather effective in preventing cartilage 
breakdown С IB \ release of 35S-labBled proteoglycans.) 
Table 4 Effect of ΡΠΝ density on cartilage damage. 
FUN concentration ^5S-content of patellar car­
tilage i.\ of control + SD) 
107/ml 
10ö/ml 
105/ml 
control 
32 
4B 
5B 
100 
+ 
+ 
+ 
+ 
10 
13 
1Б 
55 
6 patellae per group, prelabeled with -"S-sulfate were 
exposed to varying concentrations of ΡΓ1Ν stimulated with 
Ca-ionophore CIO- П) for 15 min. The patellae were washed, 
kept m organ culture for Ξ hours, and the 355-content was 
measured. Patellae without ΡΠΝ were used as a 100 \ value. 
Uarying the cell concentration caused a significant effect on 
cartilage damage, P<0.01, one-way analysis of variance. 
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Table 5 Effect of (X^-Pl and cell-substrate contact on ΡΠΝ 
mediated cartilage damage. 
Treatment of -"S-content of 
patellae Stimulus o^-PI patellar cartilage 
Cs + SDD 
ΡΠΝ pelleted FHLP + cyt-B - EB + В 
ΡΠΝ pelleted FMLP + cyt-B 0.1 mg/ml 3B + 10 
ΡΠΝ pelleted FMLP + cyt-B 2.5 mg/ml 53 + 51 
ΡΠΝ pelleted - - Э5 + 34 
PMN suspended FMLP + cyt-B - 3 1 + 1 0 
ΡΠΝ suspended FflLP + cyt-B 0.1 mg/ml 37 + IB 
ΡΠΝ suspended FflLP + cyt-B 2.5 mg/ml BS + 33 
ΡΠΝ suspended - - 3 0 + 3 7 
Dulbecco's - - 100 + 83 
В patellae per group, prelabeled with 35S-sulfate шеге 
exposed to activated ΡΠΝ (5*106/ml) for 15 mm, either 
pelleted on the cartilage or kept in suspension by continuous 
shaking. Subsequently the patellae were washed, kept in organ 
culture for 2 hours and the -"S-content шаз measured. FHLP 
and cyt-b шеге used in concentrations as mentioned above. 
Untreated, labeled patellae mere used as a 100 \ value. 
The presence of e<^ -PI significantly decreased the ΡΠΝ induced 
cartilage damage both uiith pelleted and suspended cells. 
P<0.01 опе-шау analysis of variance. 
Localization of secreted elastase in patellar 
cartilage Patellae exposed to resting and activated ΡΠΝ шеге 
screened for the presence of ΡΠΝ elastase in the articular 
cartilage, fis shouin in figs 3-4, ΡΠΝ elastase localizes 
preferentially near the chondrocytes. Staining of the matrix 
is faint but positive. Control sections Comitting either the 
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f * к 
Figure 1 and 2 
Autoradiographs of patellar cartilage prelabeled with 
35s-sulfate and exposed to PUN activated with Ca-ionophore 
for 15 min Cleft:) and exposed to non-stimulated ΡΠΝ Cright). 
The tissues were processed for histology after S hours in 
organ culture when extensive release of 3 5 S could be measured 
from the cartilage treated with activated ΡΠΝ. Original 
magnification S50 χ. H8E. 
C-cartilage, S-subchondral bone 
І J f* "i ^*ч 
теп--
ifw Bmmí ßT A'· If-
Figure 3 and 4 
* "Ί. • / ' ''•'·' ί * f 
Immunohistochemical demonstration of elastase in patellar 
cartilage after exposure to activated PUN Clefts. Positive 
staining is seen near the chondrocytes (strong) en diffusely 
in the matrix Cweak). The control section Cright), from which 
the specific antiserum was omitted shows no positive 
staining. Cryostat section of undecalcified tissue. No 
counterstaining used. Original magnification 250 χ 
C-cartilage, S-subchondral bone 
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specific antiserum or using untreated patellae) shoui no 
staining associated with the cartilage, chondrocytes or the 
pericellular lacunae, indicating that no crossreaction with 
cartilage components, or aspecific binding of the conjugate 
occurs. Using a fluaresceine-conjugate instead of the 
peroxidase-conjugate one often sees aspecific staining of the 
chondrocytes Cnot shown). The localization of elastasa near 
the chondrocyte explains the enormous effect of the minute 
amounts of elastase on chondrocyte function and 35S-release, 
since the enzyme is in close contact with its substrates: the 
chondrocyte itself and the freshly synthesized proteoglycans 
that are still in the vicinity of the chondrocyte Csee also 
figs 1-2). 
In this study we have investigated the ability of 
activated human PUN to cause tissue damage in fully intact 
articular cartilage from murine patellae. Ше demonstrate that 
elastase secreted by these cells damages cartilage by tuo 
mechanisms. Firstly the chondrocyte proteoglycan synthesis is 
severely inhibited and secondly considerable degradation of 
cartilage proteoglycans occurs. Ule show furthermore that 
PMN-cartilage contact is crucial for escape of secreted 
elastase from inactivation by o^-PI . Ule found that elastase, 
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even in the presence of a high concentration of Ы^-Р1, is 
capable of damaging the cartilage when secreted near the 
cartilage surface. Ule demonstrate, immunohistochemically, 
that elastase has affinity for cartilage matrix and 
chondrocytes. 
Several factors have been implied in cartilage 
destruction during human inflammatory Joint disease and 
experimental arthritides. It was shouin that lysosomal enzymes 
С ) and toxic oxygen metabolites C52) are able to degrade 
cartilage components such as proteoglycans and collagen. Tuo 
ΡΠΝ neutral proteases, elastase and cathepsin G, were 
identified as potent degradative agents (7,13). Apart from 
degradation of matrix components there is during inflammation 
a clear suppression of chondrocyte function C£l,23). 
Therefore, the lost proteoglycans cannot be adequately 
replaced, resulting in severe depletion of the cartilage 
matrix. This inhibition of proteoglycan biosynthesis has been 
attributed to various factors including prostaglandins (24), 
lymphokines (25), hydrogen peroxide (2Б) and depletion of 
nutrients. 
The identification of tuo ΡΠΝ neutral proteases, 
elastase and cathepsin G, more than a decade ago, aroused 
considerable interest in the field of arthritis research. It 
urns shown that both elastase and cathepsin G шеге capable of 
degrading cartilage proteoglycans. Some doubt, houever, mas 
cast on the in vivo relevance of these enzymes, in і ш of 
the enormous amounts of endogenous inhibitor in body fluids. 
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Recently the interest in PUN neutral proteases has been 
reneujed. It mas shoun that elastase released by activated, 
purified PUN can cause proteolysis of several 
elastase-sensitive targets such as subendothelial matrix 
proteins С27Э and f ibronectin СВВЭ . It uias found that 
elastase can escape o^-PI inactivation by tura mechanisms. 
Firstly, oxygen metabolites secreted by activated ΡΠΝ can 
cause oxidative inactivation of «x^-PI, and thus locally alter 
the protease-antiprotease balance (5,29). Secondly, a close 
contact between substrate and activated ΡΠΝ also inhibits or 
delays the inactivation of elastase С5 ). In this study ше 
present evidence that elastase secreted by human PMN not only 
degrades cartilage proteoglycans but also induces 
considerable chondrocyte damage. Similar results mere 
recently obtained by Bartholomew et al С30) using a high 
concentraion of a purified elastase-like enzyme from rabbit 
ΡΠΝ on sliced bovine cartilage. In our study care was taken 
to inactivate all elastase present in the cartilage after 
exposure to activated PÍ1N, and prior to 35S-sulfate 
incorporation. This procedure is crucial to exclude the 
possibility of proteoglycan degradation during synthesis, 
resulting in an apparent inhibition of synthesis. Dur data on 
the escape of elastase from o^-PI inactivation are in 
accordance uiith the results of Campbell et al С2 ) on the 
importance of cell-substrate contact. They shorn that 
proteolysis of fibronectin may occur due to exclusion of 
inhibitors. In the system that ше applied me found no 
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evidence for the involvement of oxygen metabolites in 
chondrocyte damage or cartilage breakdoujn. It can, homever, 
not be excluded that oxygen metabolites play a role in the 
inactivation of с<д-РІ which would alloui elastase to localize 
in the cartilage. As early as 1976, Janoff et al C7D showed 
that PMN elastase associates with cartilage matrix. Using 
immunofluorescence they also found that elastase binds to the 
chondrocytes. It could not be proven that this binding was 
specific since the fluorescent conjugate by itself also 
showed positive staining. U)e substituted the fluorescent 
conjugate for a conjugate with peroxidase. Using this system 
we found that after incubation with activated ΡΠΝ a strong 
positive, specific staining for elastase was present near the 
chondrocytes. The staining of the surrounding matrix was 
positive but faint. This does not imply, per se, that there 
is little elastase in the matrix: it could be that elastase 
in the matrix is less well accessible for the antibodies than 
the elastase near the chondrocyte. Nevertheless, the presence 
of elastase close to the chondrocytes might explain the 
enormous impact of relatively small amounts of enzyme, ft PUN 
contains approximately 0.5 pg of elastase СЭ1). Table 4 shows 
that ΙΟ 5 ΡΠΝ per ml still induce considerable cartilage 
damage, ftssuming that 35 'л of the total elastase is released, 
the cartilage would be exposed to a concentration of 17.5 ng 
elastase per ml. Ue have shown before С14,15) that cationic 
proteins have a high affinity for cartilage matrix, due to 
electrostatic interactions. It is therefor, not surprising to 
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find elastase (isoelectric point Э.0) associated with 
cartilage components. Cathepsin G, another cationic neutral 
protease from PHN, does not contribute to cartilage damage in 
this system. The damage could be totally blocked by the 
specific elastase inhibitor ПААРУ-СПК, a compound that does 
not affect cathepsin G activity. 
Ulithin our test system me could not demonstrate a 
contribution of superoxide or hydrogen peroxide to cartilage 
damage. Although the amount of hydrogen peroxide generated 
during ΡΠή stimulation derived from l.B nmol 
superoxide/min/10B РПЮ, would, theoretically, be sufficient 
to induce chondrocyte damage (ВБЭ, no supression of 
proteoglycan synthesis mas found. Presumably, the mass of PtIN 
contains enough peroxidase and catalase to keep the actual 
HgOp-concentration beloiu the toxic concentration for 
chondrocytes. 
In summary, our findings suggest that elastase rather 
than toxic oxygen metabolites or cathepsin G, is a likely 
candidate for both cartilage degradation and chondrocyte 
damage, as seen in joint inflammation. Ule ujould like to 
hypothesize that development of non-toxic specific inhibitors 
of ΡΠΝ elastase шііі contribute to prevent cartilage damage 
as seen in human arthritides. 
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Chapter 6 
PROTEfìSE-CARTILAGE INTERACTION. 
Effect of protease isoelectric point on cartilage 
degradation. 
Janst Schalkuijk, Ulim B. van den Berg, Levinus B. A. van de 
Putte and Leo A. В. Joosten. 
Submitted for publication 

ñBSTRPiCT 
Ше investigated the properties of elastase and 
succinylated derivatives Cisoelectnc points varying From Э.0 
to 4.5). Succinylation oF elastase did not signiFicantly 
alter the enzymatic activity touards the synthetic substrate 
methoxysuccinyl-alanyl-alanyl-prolyl-valyl-7-amido 4-methyl 
coumann, or the binding to alpha^-proteinase inhibitor. The 
degradation oF S-labeled proteoglycans From intact 
articular cartilage by succinylated elastase-denvatives uias 
severely decreased compared to the native Ccationic) enzyme. 
Using radiolabeled enzymes ше showed, quantitatively and with 
autoradiography, that cationic elastase associates with 
articular cartilage and is Firmly retained whereas the 
anionic Form is not. Ше would hypothesize that the 
destructive potential oF a protease towards cartilage is, in 
part, dependent on charge-mediated interactions between the 
anionic cartilage and the protease. 
INTRODUCTION 
Due to its anatomical and physicochemical properties, 
cartilage is a highly selective tissue with respect to the 
composition oF the extracellular Fluid. Large molecules are 
excluded From the matrix by the Fine meshwork oF collagen and 
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proteoglycans Cl). As a result of the high fixed charge 
density caused by the negatively charged glycosaminoglycans 
there is also an uneven distribution of charged solutes in 
the articular cartilage compared to the Joint space C1,B). 
Recently, ше have shouin that cationized antigens C3,4) and 
enzymes C5), are able to penetrate the cartilage, m spite of 
their high molecular tueight. Cationic proteins are strongly 
retained in hyaline cartilage uihereas anionic proteins are 
not, due to charge-dependent interactions between cartilage 
and protein СЭ). These findings led us to hypothesize that 
naturally occurring cationic proteins mould also exhibit 
affinity for articular cartilage. This could be of importance 
for studying the role of lysosomal proteases i.n cartilage 
damage as seen m human Joint inflammation. Several of these 
enzymes such as the acid cathepsins C6), elastase C7,B), 
cathepsin G СЭ) and collagenase CIO,11) have been implied in 
cartilage breakdown. Our data, using elastase as a model 
Ccationic) enzyme, suggest that the destructive potential of 
a protease with respect to intact articular cartilage, is at 
least partially determined by the isoelectric point of the 
enzyme. 
MftTERIftLS AND METHODS 
Chemicals Porcine pancreatic elastase Ctype IW), 
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succinic acid anhydride and alpha^-proteinase inhibitor 
Calpha^-PID mere obtained From Sigma Chemical Co, St.Louis, 
По, USA. nethoxysuccinyl-alanyl-alanyl-prolyl-valyl 7-amido 
H-methyl coumann шаз obtained From Bachern, BubendorF, 
Sujitzerland. 35S-sulFate and le5I-iodide шеге obtained From 
ñmersham CBucks, England). 
flodiFication oF elastase Elastase CI mg/ ml) uas 
succinylated at pH 10. in a 0.1 Π Na^CDg buFFer by adding 
Finely poudered succinic acid anhydride in various amounts. 
The reaction шаз allowed to proceed For 30 minutes at 0° С 
The preparations шеге dialysed against acetate buFFer pH 5.0 
and stored at -Ξ0α. 
Isoelectric Focusing Analysis of elastase derivatives 
was perFormed by isoelectric Focusing on a 5 4 Polyacrylamide 
horizontal slabgel using Ξ 4 ampholines. 
Elastase measurement Elastase activity uas determined 
by the Fluorescence oF y-ammo-l-methylcoumarin cleaved From 
the substrate methoxysuccinyl-alanyl-alanyl-proly1-valyl 
y-amido-'i-methy Icoomann С IE). A 10 mil solution oF the 
substrate in dimethylsulFoxide was diluted to S50 иП with 
buffer CI Π NaCl, 0.1 \ Triton X-100, 0.2 Π Tris, pH 8.5). 
The reaction was initiated by the addition of S50 ul oF the 
diluted substrate to 10 ul oF enzyme solution. After 
incubation at 37° С the reaction шаз stopped by the addition 
of 750 ul of carbonate-bicarbonate buffer C0.1 П, pH 10.5) 
and cooling the tubes on ice. Fluorescence was measured at 
^
x
-370 nm and X
em
-4B0 nm using the Perkin-Elmer LS5 
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luminescence spectrometer. Enzyme activity uas calculated as 
pmol suhstrate/min/pmol enzyme by reference to a standard of 
T-amino-H-methylcoumarm in carbonate-bicarbonate buffer. 
Inactivation of elastase bu alpha-^ -PI Elastase 
inhibition by alphas-Pi шаз measured by incubation of 
elastase ujith varying amounts of inhibitor for 15 minutes at 
25 D С ujhich results in a complete association of the 
available alpha^-PI С1ЭЭ. The residual enzyme activity 
Cnon-complexed elastase} шаз measured fluonmetrically as 
described above. 
Radiolabellinn of enzumes Elastase and derivatives 
ш г labelled using the chloramine-T method C13). 
Radialabelled enzyme was separated from free l e 5 I by Saphadex 
6-25 gelfiltration. 
Enzume retention Radiolabeled native elastase С IEP 
9.0) and succinylated elastase ÍIEP 4.5-5.2) шег used. Six 
patellae per group шеге incubated mlth 25 ug elastase per ml 
CI uCi 1 2 5I per ug elastase) for 30 minutes at 0° C. After 
uiashing and fixation of the tissue ujith formalin, the 
radioactivity associated with the patellar cartilage was 
determined by У-counting as previously described СЭ) and used 
as a measure for retained enzyme. 
Histoloau and autoradioaraohu tlunne patellar 
cartilage шаз processed for autoradiography as previously 
described (14). 
Denradation of cartilage proteoolucans Murine 
patellae CC57 Black mice) шеге labeled uith -"S-sulfate as 
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previously described CIS,16). The incorporated radiosulfate 
is exclusively associated uuith the sulfated glycosaminoglycan 
fraction that can be extracted from the isolated patellae 
using standard techniques of papaine digestion and 
precipitation uiith cety Ipiridiniumchlonde C17). The 
radiolabelled patellae uiere exposed to elastase and 
derivatives in Dulbecco's phosphate buffered saline CpH 7.4). 
After mashing the patellae uiere processed For liquid 
scintillation counting, to measure the 35S-cantent of the 
enzyme-treated and control patellae. 
RESULTS 
Enzume modification Porcine pancreatic elastase was 
succinylated uiith varying amounts of succinic anhydride 
CO.1-10 mg/ml). This results in elimination of amino-groups 
and the introduction of additional carboxyl groups in the 
protein. Hence, succmylation uill cause alteration of the 
isoelectric point of the enzyme. Figure 1 shous an 
isoelectric focusing gel of elastase samples after treatment 
ujith various amounts of succinic anhydride. An excess of 
succinic anhydride unii Іошег the isoelectric point of native 
elastase СЭ.0) to 4.5-5.Ξ 
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Figure 1 
Isoelectric focusing 
slabgel of elastase Clane 
Ξ3 and derivatives uiith 
varying degrees of 
succinylation Clanes 3-Б) . 
Й pH-gradient of 3.5 to 
Э.5 шаз applied. Lane 1 
á and 7: marker proteins, 
from top to bottom horse 
cytochrome с С IEP 3.53, 
horse myoglobine С IEP 7.45 
and bovine serum albumin 
С IEP 4.5) . 
The activity of the succinylated derivatives шаз 
measured fluorimetrically. No loss of enzyme activity could 
be detected Cabout BOO pmol of substrate/min/pmol of enzyme 
for all elastase preparations). The binding to alpha^-PI шае 
studied by mixing 50 nmol of elastase with varying amounts of 
alphaj^ -PI CO-500 nmol). Figure 2 shouis the 
inactivation-curves of 3 batches of elastase Cbatch 1: native 
enzyme IEP 9.0, batch Ξ: moderately succinylated, IEP В.0-7.5 
and batch 3: heavily succinylated, IEP 4.5-5.2). All three 
batches shoued similar inhibition patterns. These three 
batches of elastase mere used for all subsequent experiments. 
The succinylated batches did not have a sharply defined IEP. 
On isoelectric focusing gels these preparations appear as a 
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smear. The preparations used in the experiments had their IEP 
largely between the indicated values С6.0-7.Б and 4.5-5.2 
respectivaly). 
100 
τ—ι г 
0 25 50 100 
200 
Figure 2 
Inhibition curves of 
native elastase С · ) , 
succinylated elastase IEP 
6.0-7.5 С • 3 and 
succinylated elastase IEP 
1.5-5.2 С * ). 50 nmol of 
enzyme mas mixed ouith 
varying amounts of 
alphaj-PI. After 15 m m 
incubation at 37 ° С the 
residual elastase 
activity uias determined 
and expressed as a 
percentage of the initial 
enzyme activity. 
inhibitor (nmol) 
Enzume retention Patellar cartilage uias incubated 
with radiolabeled enzyme as described above. Patellae 
incubated with native elastase CIEP 3.0) retained 1.20 +0.20 
ng per patella, and with succinylated elastase CIEP 4.5-5.2) 
0.10 + 0.30 ng was retained. Autoradiography of patellae 
incubated with radiolabeled enzyme confirmed that cationic 
Cnative) elastase is retained far better than anionic 
Csuccinylated) elastase Cfigures 3 and 4 ) . This is consistent 
with data obtained on retention of cationic and anionic 
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bovine serum albumin C3,4). Figure 3 shouu that native 
elastase penetrates cartilage and localizes diffusely in the 
matrix but not in the subchondral bone. Succinylated elastase 
does not appreciably associate uuth cartilaginous structures, 
except for the superficial layer Cfig 4). 
• . · · · ' 
ч S 
Figure 3 and 4 
ñutoradiographs of patellar cartilage after incubation uiith 
radiolabeled native elastase CleftJ and succinylated elastase 
IEP 4.5-5.S Cright). The native enzyme has penetrated the 
tissue and associates with cartilage proteoglycans. No enzyme 
is seen below the tidemark, in the subchondral bone. The 
succinylated enzyme does not appreciably associate uuith 
cartilage, except for a small amount on the cartilage 
surface.C-cartilage, S-subchondral bone. H&E, 250 χ 
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Degradation of articular cartilage bu elastase and 
derivatives The degradative potential of elastase touiards 
patellar cartilage was studied under two conditions. Firstly, 
the degradation of prelabeled cartilage uuas measured by 
continuous exposure of the cartilage to elastase. Using these 
conditions the enzymes can diffuse freely in and out of the 
cartilage matrix during the incubation period. Secondly, 
cartilage degradation шаз studied by incubating the labeled 
cartilage in enzyme solution for a brief period. After 
luashing thoroughly, the cartilage шаз kept in organ culture 
and cartilage breakdown during this period was measured. 
Under the latter experimental conditions, cartilage breakdown 
is measured as a result of the enzyme that is retained during 
the brief incubation. About 70-BO % of the total -"S-content 
can be released enzymatically. The ability of native and 
succinylated enzymes to degrade cartilage proteoglycans is 
shown in tables 1 and 2. The native cationic enzyme releases 
far more J JS during а Б0 m m period of incubation than the 
two succinylated preparations. This is shown for both 
experimental conditions. Table 1 shows -"S-release by varying 
concentrations of enzyme, during one hour incubation with the 
enzymes continuously present. The native enzyme at a 
concentration of 1 pg/ml will release the same amount of ^^S 
from the cartilage as 25 pg/ml of the mildly succinylated 
derivative. Compared to the anionic derivative CIEP 4.5-5.Ξ), 
the native preparation is several orders of magnitude more 
potent. Only at 55 jjg/ml, significant 35S-release is found, 
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Table 1 Effect of elastase and derivatives on proteoglycan degradation. 
35S-contBnt of patellar cartilage 
Ccpm + SD) 
Elastase caneen-
tration Cpg/ml) IEP Э.0 IEP 6.0-7.5 IEP 4.5-5.2 
BS 113 + 13 CSS)* 1Э4 + 46 СЭЭЭ* 367 + В7 С74)В 
5 143 + В4 CSS)* ЗВ4 + 41 С7В)е 335 + 57 СВО) NS 
1 173 + 30 С35)* 445 + 140 СЭО) N5 464 + 14Э СЭ4) NS 
control 4Э4 + 141 C100) 
Б patellae per group, prelabeled ujith ^^-sulfate, were exposed to varying 
concentrations of elastase and succinylated derivatives for 60 minutes at 
37° C. After uashing and fixation the -"S-content of the patellar 
cartilage uias determined. Next to the cpm values, the -"S-content of the 
•atellae is expressed, in parentheses, as a percentage of the control. The 
-"S-content of patellae kept in buffer Ccontrol) tuas taken as a 100 5i 
value. Uarying the enzyme concentration caused a significant variation of 
•"S-release using the elastase preparations of IEP Э.0 and IEP 6.0-7.5 
CP<0.01) опе-шау analysis of variance). Succinylated elastase with IEP 4.5-5.Ξ 
caused a marginal release of 3 5 S from the tissue. Only at 25 fjg/ml a 
significant release was measured. 
P<0.0005, e P<0.05, NS-not significant CP>0.05), compared to control patellae, 
One-tailed Student t-test. 
Table Ξ Effect of elastase and derivatives, retained in cartilage, on proteo­
glycan degradation. 
•^^S-content of patellar cartilage 
Ccpm + SD) 
Elastase concen-
tration C^ ig/ml) IEP Э.0 IEP 6.0-7.5 IEP 4.5-5.S 
25 503 + 41 C44)* 293 + 73 СБЗ)0 434 + 1Ξ0 C94) NS 
5 2BS + 51 С5В)Э 340 + ІЕБ С7Э) NS ЭЭО + Б0 (84) NS 
1 ЗОВ + 77 C67) S 405 + ISO CB7) NS 443 + 131 СЭБ) NS 
control 4БЗ + 133 С100) 
Б patellae per group, prelabeled uath ^^S-sulfate, шеге Incubated itiith 
varying concentrations of elastase and succinylated derivatives for 15 mm. 
After luashing for 5 min in buffer, the cartilage шаз kept in organ culture for 
Б0 mm. Subsequently, the ^S-content of the patellar cartilage шаз 
measured. Next to the cpm-values, the 35S-content of the patellae is 
expressed, in parentheses, as a percentage of the control. The 35S-content 
of buffer-treated (control) patellae шаз taken as a 100 ^ value. Only within 
thegroups treated uiith native elastase (IEP 9.0) a significant dose-response 
effectuias measured (P<0.05, one-uiay analysis of variance). Treatment with 
succinylatedelastase IEP 4.5-5.2 did not result in significant -"S-release. 
Using elastaseidith IEP Б.0-7.5 only at 25 ug/ml a significant effect шаз seen. 
All concentrations of native elastase caused significant -"S-release. 
P<0.005, 0 P<0.021 NS-not significant (P<0.05), compared to control 
patellae. One-tailed Student t-test. 
using the anionic derivative. Table Ξ shouus j:DS-release from 
prelabeled patellar cartilage, as a result from enzyme 
retained in the cartilage after incubation uiith the elastase 
preparations. Basically, similar results as for the 
experiment listed in table 1, were obtained. Native elastase, 
consistent ujith its high retention in cartilage compared to 
the anionic form, shoujed the highest destructive potential. 
Mildly succinylated elastase still shous some 35S-release Cat 
25 ug/ml) but anionic elastase is totally uithout effect at 
the concentrations ше used. 
DISCUSSION 
In this study ше have tested elastase and succinylated 
derivatives uiith various isoelectric points for the potential 
to degrade intact articular cartilage. It mas shown that the 
native cationic form of elastase is a far more effective 
protease in this system than the succinylated forms. It is 
shown, quantitatively and using autoradiography, that 
cationic elastase is firmly retained in cartilage whereas the 
anionic form is not. Succinylation of elastase does not alter 
the enzymatic activity towards a synthetic substrate, or the 
binding to alphaj-PI. 
Proteolysis of cartilage matrix components has been 
strongly implied in the degradation of cartilage as seen in 
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human arthritides (IB). In septic arthritis, gout and active 
rheumatoid arthritis massive infiltration and exudation of 
PNN leads to the release of lysosomal enzymes including 
various proteases such as the acid cathepsins, elastase, 
cathepsin G and collagenase. ñpart from the ΡΠΝ as a source 
of proteases, also macrophages, fibroblasts and synovial 
cells contribute to protease secretion in the Joint and might 
be involved m cartilage breakdouin C19) . Also the chondrocyte 
itself has been shoum to contain proteases. These proteases 
could degrade cartilage components as a result of an 
autolytic process (20) or via an active release mechanism 
triggered by external stimuli (catabolin, interleukin 1) 
derived from macrophages or synovial cells CS0,21). In vitro 
it has been shown that many of these proteases are capable of 
degrading purified cartilage components such as proteoglycans 
and collagen, or cartilage slices. These methods might 
introduce artefacts, since in vivo the substrates are not as 
readily accessible as in these test systems. Another aspect 
in determining the in vivo relevance of certain proteolytic 
enzymes in cartilage degradation, is the fact that many 
proteolytic enzymes are active at an acidic pH and are even 
inactivated (Cathepsin B) at a physiologic pH (22). It is 
still an open question uuhich proteases are in vivo the most 
relevant. 
In this study uie have tried to establish an additional 
factor which might be relevant m determining which proteases 
are likely to cause cartilage damage in vivo. Cartilage has 
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been shown to possess some peculiar physico-chemical 
properties. Because of its high fixed charge density, caused 
by the highly anionic sulfate and carboxyl groups, cartilage 
repells compounds with a negative charge and attracts 
cationic compounds. Recently we have shown СЭ,4,5Э that 
cationic proteins and enzymes have a high affinity for 
cartilage matrix. Positively charged proteins readily 
penetrate the cartilage and are retained there presumably by 
electrostatic interactions. This led us to formulate the 
hypothesis that the isoelectric point of a protease is one of 
the determining factors, whether the protease will cause 
breakdown of proteoglycan in intact articular cartilage or 
not. This hypothesis was supported by the data in this study. 
Ue found a strong correlation between breakdown of cartilage 
proteoglycans and the isoelectric point of the enzyme. 
Modification of the model enzyme (elastase) did not affect 
the enzyme activity towards the low molecular weight, 
non-polar substrate and did not interfere with the binding to 
a^-FI . Therefor we can assume that succinylation does not 
affect the active site of the enzyme, or introduces strong 
steric hindrances. Consistent with earlier studies (.3,4) we 
found that retention of enzyme in cartilage was strongly 
decreased for the anionic derivative. Presumably the 
decreased ability of anionic elastase to degrade 
proteoglycans is caused by coulombic interactions which 
prevent the enzyme both from penetrating the cartilage and 
interacting with the substrate. Similar results were recently 
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reported С2ЭЭ, tuhen it was shown that altering the charge of 
an enzyme Cb-galactosidase} caused a shift of ^щ
ах
 touiards a 
poly-anionic substrate, fit Іош ionic strength, ammated 
yâ-galactosidase шаз the most active and the succinylated 
enzyme the least active preparation. 
UJe iijould speculate that for in vivo cartilage 
breakdown those proteases that can effectively penetrate the 
cartilage matrix will be the most relevant. This would mean 
that cationic .neutral proteases are likely candidates. Two 
ΡΠΝ proteases fullfill these criteria: elastase and cathepsin 
Б. These enzymes have been shown in vitro to exhibit 
considerable destructive potential towards cartilage. Ше 
would like to hypothesize that development of specific 
inhibitors of these enzymes, that are tolerated in vivo, will 
contribute to prevent cartilage damage as seen in human 
arthntides. 
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SUnrifìRY 
In this thesis uie investigated the impact oF several 
inFlammatory mediators on tissue damage in vivo and in vitro. 
Chapter 2 demonstrates that, using an in vitro assay system, 
hydrogen peroxide is a toxic metabolite For articular 
cartilage. Ule could not establish a role For superoxide or 
the hydroxyl radical in this system. In chapter 3 uue applied 
the principle oF catiomzation to 3 enzymes: superoxide 
dismutase, catalase and peroxidase. Using 99mTc-upta)<e as a 
measure For edema Formation, ue shouued that intraarticular 
application oF cationic catalase and peroxidase gave a marked 
supression of the inFlammatory response. Cationic superoxide 
dismutase uas totally uneFFective. In order to study the 
destructive potential oF hydrogen peroxide in vivo, mithout 
the interFerence oF other mediators uie devised an 
inFlammatory model which is, initially, hydrogen peroxide 
dependent (chapter 4). In this chapter ше describe the use oF 
glucose oxidase to generate hydrogen peroxide in vivo, as a 
model For screening drugs that claim to act as scavengers oF 
hydrogen peroxide. In chapter 5 the eFFect oF lysosomal 
elastase on intact articular cartilage is described m vitro. 
In this study, using stimulated human ΡΠΝ, ше demonstrate 
that elastase causes cartilage breakdown and inhibition oF 
chondrocyte proteoglycan synthesis. In chapter В ше present 
evidence For our hypothesis that the isoelectric point oF a 
protease is a determining Factor For its destructive 
potential towards cartilage. 
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SAHENUATTING 
Geuirichtsontsteking zoals deze zich bijvoorbeeld 
voordoet bij rheumatoide arthritis С'reuma') uiordt ondermeer 
gekenmerkt door chroniciteit, excessieve binduieefselvorming 
en kraakbeenbeschadiging. Het laatstgenoemde aspekt van 
chronische geuirichtsontsteking komt in dit proefschrift 
uigebreid aan de orde. Onderzoek uit de afgelopen decennia 
heeft aangetoond dat een aantal stoffen die bij 
ontstekingsreacties gevormd luorden С'ontstekingsmediatoren') 
een rol spelen bij kraakbeenbeschadiging. Dit onderzoek uerd 
meestal verricht op geïsoleerde ueefselbestanddelen buiten de 
mens of het proefdier С'in vitro'). Uit dit onderzoek кшат 
naar voren dat reactieve zuurstofmetabolieten 
С'zuurstofradicalen') en sommige eiunt-afbrekende enzymen die 
bij een normaal verlopende ontstekingsreactie vrijkomen, een 
schadelijke invloed kunnen hebben op kraakbeenbestanddelen. 
De identificatie van relevante ontstekingsmediatoren is 
uiteraard van belang bij het ontujikkelen van geneesmiddelen 
die de effecten van chronische geuirichtsontsteking 
verhinderen. 
In dit proefschrift is getracht om niet alleen in vitro 
effecten van ontstekingsmediatoren te bekijken. Waar 
mogelijk, is geprobeerd om te швгкеп met ontstekingen in 
proefdieren С'in vivo') of met geïsoleerde, anatomisch 
intacte ujeefsels onder fysiologische condities С'ex vivo'). 
In hoofdstuk Ξ, 3 en 4 ujordt aangetoond dat de rol van 
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zuurstofradicalen Czoals superoxide en hydroxyIradicalen) in 
ontsteking en uieefseldestructie zeer tuiJfelachtig is. Een 
andere zuurstof metaboliet С geen radicaal), te uieten luaterstof 
peroxide, lijkt uiel een belangrijke mediator te zijn. Deze 
bevindingen ondersteunen het belang van de ontujikkeling van 
geneesmiddelen die de produktie van uaterstofperoxide in vivo 
verhinderen of tenietdoen. Recent is bijvoorbeeld een 
synthetisch enzym ontuakkeld C'Ebselen'5 dat uaterstof 
peroxide kan afbreken. In hoofdstuk 4 laten uiij" zien dat 
Ebselen ook m vivo werkzaam is. Binnen afzienbare tijd zal 
dit middel klinisch getest morden op antiinflammatoire 
eigenschappen bij de mens. 
Zoals boven vermeld, zijn ook enzymen belangrijke 
kandidaten voor een rol in kraakbeendestructie. In hoofdstuk 
5 iDordt aan de hand van ex vivo experimenten aangetoond dat 
met name het enzym elastase van groot belang kan zijn. In 
hoofdstuk Б uiordt aannemelijk gemaakt dat de electrische 
lading van het enzym er in belangrijke mate toe bijdraagt dat 
elastase in kraakbeen penetreert en daar afbraak veroorzaakt. 
Dit lijkt een belangrijk gegeven bij de ontuikkeling van 
geneesmiddelen die in vivo dit soort enzymen kunnen remmen. 
122 
DANKUJDGRD 
Uelen hebben meegeuerkt aan de totstandkoming van dit 
proefschrift. Dp de eerste plaats gaat mijn dank uit naar Leo 
Joosten die naast een feilloze uitvoering van het vele 
praktische uierk ook steeds aktief heeft meegedacht in da 
voorbereiding van de experimenten. Een andere omstandigheid 
die het gemakkelijk heeft gemaakt om goed onderzoek te kunnen 
doen in de afgelopen jaren, is het bijzonder prettige 
ujerkklimaat op de afdeling Reumatologie, zoiuel intellektueel 
gezien als in de dagelijkse gang van zaken. Allen die 
hiervoor verantuoordelijk zijn шіі ik langs deze uieg 
bedanken. Liduine van den Bersselaar ωιΐ ik danken voor het 
histologische шегк van dit proefschrift, dat grotendeels van 
haar hand is. Uerder gaat mijn dank uit naar de medeuierkers 
van het Centraal Dierenlaboratorium voor het verzorgen van de 
dieren, de afdeling Nucleaire geneeskunde voor het maken van 
3
°
mTc-pertechnetaat en de afdeling fledische fotografie voor 
het afdrukken van de illustraties. 
123 

CURRICULUn UITAE 
Josephus С'Joost') Schalkwijk 
Geboren Ξ0 februari 1954 te Helmond 
1ЭББ-1Э7Е Gymnasium-^ aan het Thomas a Kempis college te 
Zwolle 
1976-1982 Biologie СВцЭ,Katholieke Universiteit Nijmegen 
19B2-19B5 Шегкгаат op een FUNGO-ZUJG prajekt aan de afdeling 
Reumatologie van het Radboudziekenhuis te Nijmegen. 
Uanaf Juli 19B5 werkzaam aan dezelfde afdeling op een 
subsidie van de Nederlandse Uereniging tot 
Rheumatiekbestnjding 
125 



Stellingen behorende bij het proefschrift van J. Schalkuiijk. 
1. Kraakbeen is gevoelig voor materstof peroxide en met voor 
superoxide. 
Dit proefschrift. 
3. üJaterstof peroxide is een belangrijke ontstekingsmediator 
met betrekking tot exudaat-vorming. 
Dit proefschrift. 
3. Glucose oxidase geïnduceerde arthritis is in de acute fase 
een goed model voor het testen van HgDg-scavengers. 
Dit proefschrift. 
4. Cationische Proteasen zoals elastase en cathepsine G zijn 
belangrijke candidaten voor enzymatische kraakbeenafbraak 
tijdens geujnchtsontstekingen . 
Dit proefschrift. 
5. De bevindingen van Ulard et al С1983Э dat hydroxylradicalen 
een rol spelen bij pulmonair oedeem, berusten ten dele op een 
artefact. J. Clin. Invest. 72 7ВЭ-В01 
Б. De ontujikkeling van synthetische enzymen en enzym-remmers 
is een rationele aanpak voor een nieuue generatie 
anti-phlogistica. 
7. De selectieve Proteolyse door chymopapaine by 
chemonucleolyse berust op ladingsinteracties. 
8. De Ξ6 mega-jaar uitstervingscycli van Raup en Sepkoski 
CPNftS ai:B01-B05, 1ЭВ4) kunnen ook verklaard luorden door een 
evolutie-inherente catastrophe-cyclus. 
Э. De beschrijving van Amanita gayana door Singer uiijkt in 
veel opzichten af van de typeheschrijving door tlontagne. 
Schalkujijk en Jansen С1Э7Э), Persooma 11: 515-51B. 
10. Kopziekte bij koeien zou verklaard kunnen luorden door 
overmatige consumptie van Psilocybe semilanceata. 
11. Pleurotus ostreatus verschaft meer culinair genot dan 
ftgancus bisporus. 
12. Het егшегкеп van kunststoffen bij de Ьоиш van 
traditionele instrumenten hoeft niet te leiden tot minder 
goede akoestische eigenschappen. 
14. De uitkomst volgens "de regel van 11" bij sans atout 
contracten is i.h.a. te informatief voor de tegenstanders. 
15. De fietsenstalling voor het Radboudziekenhuis uerkt het 
krijgen van een hernia in de hand. 
Joost Schalkwijk 4 december 1ЭВ5 


